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We present a new public Python package, DarkHistory, for computing the effects of dark
matter annihilation and decay on the temperature and ionization history of the early universe.
DarkHistory simultaneously solves for the evolution of the free electron fraction and gas temper-
ature, and for the cooling of annihilation/decay products and the secondary particles produced
in the process. Consequently, we can self-consistently include the effects of both astrophysical
and exotic sources of heating and ionization, and automatically take into account backreaction,
where modifications to the ionization/temperature history in turn modify the energy-loss pro-
cesses for injected particles. We present a number of worked examples, demonstrating how to
use the code in a range of different configurations, in particular for arbitrary dark matter masses
and annihilation/decay final states. Possible applications of DarkHistory include mapping out
the effects of dark matter annihilation/decay on the global 21cm signal and the epoch of reion-
ization, as well as the effects of exotic energy injections other than dark matter annihilation/de-
cay. The code is available at https://github.com/hongwanliu/DarkHistory with documentation
at https://darkhistory.readthedocs.io. Data files required to run the code can be downloaded at
https://doi.org/10.7910/DVN/DUOUWA.
I. INTRODUCTION
Dark matter annihilation or decay and other exotic
sources of energy injection can significantly alter the
ionization and temperature histories of the universe.
In this paper we describe a new public code package,
DarkHistory, that allows fast and accurate computation
of these possible effects of exotic energy injection on as-
trophysical and cosmological observables.
In particular, we will focus on interactions that allow
dark matter (DM) to decay or annihilate into electromag-
netically interacting Standard Model particles. This case
has been studied extensively in the literature: stringent
constraints on the dark matter annihilation cross section
and decay lifetime have been derived from the way these
Standard Model products would distort the anisotropies
of the cosmic microwave background (CMB) [1–4], or
increase the temperature of the Inter-Galactic Medium
(IGM), consequently affecting 21-cm and Lyman-α line
emission [5–8].
DarkHistory facilitates the calculation of these ob-
servables and the resulting constraints. In particular,
DarkHistory makes the temperature constraint calcula-
tions significantly more streamlined, self-consistent, and
accurate. It has a modular structure, allowing users to
easily adjust individual inputs to the calculation – e.g.
by changing the reionization model, or the spectrum of
particles produced by dark matter annihilation/decay.
Compared to past codes developed for such analyses [9],
DarkHistory has a number of important new features:
∗ hongwan@mit.edu
† gridgway@mit.edu
‡ tslatyer@mit.edu
• the first fully self-consistent treatment of exotic en-
ergy injection. Exotic energy injections can modify
the evolution of the IGM temperature TIGM and
free electron fraction xe, and previously this mod-
ification has been treated perturbatively, assuming
the backreaction effect due to these modifications
on the cooling of injected particles is negligible.
This assumption can break down toward the end
of the cosmic dark ages for models that are not yet
excluded [5]. DarkHistory solves simultaneously
for the temperature and ionization evolution and
the cooling of the injected particles, avoiding this
assumption;
• a self-contained treatment of astrophysical sources
of heating and reionization, allowing the study
of the interplay between exotic and conventional
sources of energy injection;
• a large speed-up factor for computation of the full
cooling cascade for high-energy injected particles
(compared to the code employed in e.g. [5]), via pre-
computation of the relevant transfer functions as a
function of particle energy, redshift and ionization
level;
• support for treating helium ionization and recom-
bination, including the effects of exotic energy in-
jections; and
• a new and more correct treatment of inverse Comp-
ton scattering (ICS) for mildly relativistic and non-
relativistic electrons; previous work in the litera-
ture has relied on approximate rates which are not
always accurate.
Due to these improvements, DarkHistory allows for
rapid scans over many different prescriptions for reion-
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2ization, either in the form of photoheating and photoion-
ization rates, or a hard-coded background evolution for
xe. The epoch of reionization is currently rather poorly
constrained, making it important to understand the ob-
servational signatures of different scenarios, and the de-
gree to which exotic energy injections might be separable
from uncertainties in the reionization model. Previous
attempts to model the effects of DM annihilation and
decay into the reionization epoch have typically either
assumed a fixed ionization history [9] – requiring a slow
re-computation of the cooling cascade if that history is
changed [5] – or made an approximation for the effect of a
modified ionization fraction on the cooling of high-energy
particles [6, 8, 10–12].
Despite our emphasis on dark matter annihilation
and decay, DarkHistory can be used to explore the ef-
fect of other forms of exotic particle injection. Other
such possible sources include Hawking radiation from
black holes [12, 13], radiation from accretion onto black
holes [14], and processes from new physics such as
de-excitation of dark matter or decay of meta-stable
species [15].
In Section II we review the physics of the ionization
and temperature evolution, in the context of the three-
level-atom (TLA) approximation, including the possibil-
ity of exotic energy injections. In Section III we dis-
cuss the overall structure of DarkHistory, which self-
consistently combines the TLA evolution of the ioniza-
tion and gas temperature with the cooling of particles
injected by exotic processes. This section also describes
the implementation of various physical processes in the
code, in particular the treatment of cooling and produc-
tion of secondaries by electrons and photons. In Sec-
tion IV we relate these processes to the various modules
of DarkHistory, before providing a number of worked
examples in Section V. We present our conclusions and
discuss some future directions in Section VI. We discuss
our improved treatment of ICS in detail in Appendix A,
provide the photon spectra from positronium annihila-
tion in Appendix B, discuss a series of cross checks in Ap-
pendix C, and provide a table of definitions used through-
out this paper in Appendix D.
II. IONIZATION AND THERMAL HISTORIES
DarkHistory computes the ionization and tempera-
ture evolution of the universe in the presence of an exotic
source of energy injection, such as dark matter annihila-
tion or decay, using a modified version of the three-level
atom (TLA) model for both hydrogen and helium, based
on RECFAST [16, 17]. The reader may refer to Ref. [18]
for a detailed derivation of the unmodified TLA equa-
tions with hydrogen only, and Refs. [16, 17, 19] for the
treatment of helium recombination in RECFAST. In this
section, we will neglect the evolution of helium for sim-
plicity, leaving a detailed discussion of our treatment of
helium to Sec. IIIG 1.
In the absence of any source of energy injection, the
TLA model, first derived in [20, 21], provides a pair of
coupled differential equations for the matter temperature
in the IGM and the hydrogen ionization fraction:
T˙ (0)m = −2HTm + ΓC(TCMB − Tm) ,
x˙
(0)
HII = −C
[
nHxexHIIαH − 4(1− xHII)βHe−E21/TCMB
]
,
(1)
where H is the Hubble parameter, nH is the total number
density of hydrogen (both neutral and ionized), xHII ≡
nHII/nH where nHII is the number density of free pro-
tons, xe ≡ ne/nH is the free electron fraction with ne
being the free electron density, and E21 = 10.2 eV is the
Lyman-α transition energy. Tm and TCMB are the tem-
peratures of the IGM and the CMB respectively.1 αH and
βH are case-B recombination and photoionization coeffi-
cients for hydrogen respectively,2 and C is the Peebles-
C factor that represents the probability of a hydrogen
atom in the n = 2 state decaying to the ground state be-
fore photoionization can occur [18, 20]. The photoioniza-
tion coefficient is evaluated at the radiation temperature,
TCMB, in agreement with Ref. [22]. ΓC is the Compton
scattering rate, given by
ΓC =
xe
1 + FHe + xe
8σTarT
4
CMB
3me
, (2)
where σT is the Thomson cross section, ar is the radiation
constant, me is the electron mass, and FHe ≡ nHe/nH is
the relative abundance of helium nuclei by number. In
the absence of helium, note that xe = xHII. The solutions
to Eq. (1) — i.e. without any sources of energy injection
— define what we will call the baseline temperature and
ionization histories, T (0)m (z) and x
(0)
HII(z).
Exotic sources may inject additional energy into the
universe, altering the thermal and ionization evolution
shown in Eq. (1). For example, the rate of energy injec-
tion from DM annihilating with some velocity averaged
cross section 〈σv〉, or decaying with some lifetime τ much
longer than the age of the universe, is given by(
dE
dV dt
)inj
=
{
ρ2χ,0(1 + z)
6〈σv〉/mχ , annihilation,
ρχ,0(1 + z)
3/τ , decay,
(3)
where ρχ,0 is the mass density of DM today, and mχ
is the DM mass. This injected energy, however, does
not in general manifest itself instantaneously as ioniza-
tion, excitation, or heating of the gas. Instead, the pri-
mary particles injected into the universe may cool over
1 We follow the standard astrophysical convention in which H and
H+ are denoted HI and HII, while He, He+ and He2+ are denoted
HeI, HeII and HeIII respectively.
2 The value of βH used in DarkHistory includes the constant and
gaussian fudge factors used by version 1.5.2 of RECFAST.
3timescales significantly larger than the Hubble time, pro-
ducing secondary photons that may redshift significantly
before depositing their energy into the gas.
Although the primary particles injected into the uni-
verse may be any type of Standard Model particle, we
will only need to consider the cooling of photons and
electron/positron pairs [1]. This simplification occurs be-
cause either the primaries are stable particles like pho-
tons, electrons and positrons, neutrinos, protons and
anti-protons, and heavier nuclei, or are unstable parti-
cles that resolve into these particles on time scales much
shorter than the cosmological time scales under consid-
eration. For typical sources of energy injection we can
neglect heavier nuclei because they are produced in neg-
ligible amounts, and neutrinos because they are very
ineffective at depositing their energy. Protons and an-
tiprotons generally form a subdominant component of
stable electromagnetic particles across all possible Stan-
dard Model primaries [23], and deposit energy less effec-
tively than electrons, positrons, and photons (although
their effects are not completely negligible [24]). We
therefore only decompose the injection of any primary
into an effective injection of photons, electrons, and
positrons, in accordance with Ref. [1] and subsequent
works. Adding the contribution from protons and an-
tiprotons may strengthen these constraints by a small
amount.
A significant amount of work has been done on com-
puting the cooling of high energy photons, electrons, and
positrons [1, 2, 25–32]. Once the cooling of injected pri-
mary particles is determined, the energy deposited into
channel c (hydrogen ionization, excitation, or heating)
can be simply parametrized as
(
dE
dV dt
)dep
c
= fc(z,x)
(
dE
dV dt
)inj
, (4)
with all of the complicated physics condensed into a sin-
gle numerical factor that is dependent on the redshift and
the ionization fractions of all of the relevant species in the
gas, which we denote x ≡ (xHII, xHeII, xHeIII). When he-
lium is neglected, the ionization dependence of these fc
functions simplifies to a dependence on xHII = xe. These
fc functions also depend on the energies and species of
the injected particles, but for simplicity of notation we
will not write these arguments explicitly.
The effect of energy injection on the thermal and ion-
ization history can now be captured by additional source
terms,
T˙ injm =
2fheat(z,x)
3(1 + FHe + xe)nH
(
dE
dV dt
)inj
,
x˙injHII =
[
fH ion(z,x)
RnH +
(1− C)fexc(z,x)
0.75RnH
](
dE
dV dt
)inj
,
(5)
where R = 13.6 eV is the ionization potential of hydro-
gen.
Prior to this work, fc(z,x) has largely been computed
assuming the standard ionization history computed by
recombination codes xstd(z), essentially making z the
only independent variable of fc as a function. These cal-
culations are therefore applicable only so long as any per-
turbations to the assumed ionization history (e.g. by ad-
ditional sources of energy injection) are sufficiently small.
This is generally a good approximation near recombina-
tion: at these redshifts, the ionization history is well-
constrained by CMB power spectrum measurements, and
therefore large perturbations to xe are highly disfavored.
For z . 100, however, ionization levels that exceed the
standard value of xe ∼ 2×10−4 by several orders of mag-
nitude are experimentally allowed [5]. Moreover, star for-
mation during the process of reionization rapidly ionizes
and heats the universe at z . 20, causing the ionization
and thermal history to diverge from the baseline histo-
ries.
The primary effect of an increase in ionization levels
is to decrease the number of neutral hydrogen and he-
lium atoms available to ionize, decreasing the fraction of
injected power that goes into ionization of these species;
on the other hand, increasing xe increases the number
of charged particles available for low-energy electrons to
scatter off and heat the IGM, increasing the fraction of
power going into heating. Since energy injection pro-
cesses generally increase xe with time, the power into
heating increases at an accelerated rate at late times,
making a proper calculation of fc(z,x) crucial for an ac-
curate computation of the temperature history.
Computing the full x-dependence of fc(z,x) also allows
us to perform, for the first time, a consistent calculation
of the temperature and ionization histories with both ex-
otic energy injection processes and reionization. At the
onset of reionization, stars begin to form, and the ionizing
radiation emitted by these objects injects a large amount
of energy into the IGM. There remains a large degree
of uncertainty regarding how reionization proceeds, but
given some model for the photoionization and photoheat-
ing rates, and including other important energy transfer
processes such as collisional ionization and excitation, ad-
ditional terms T˙ rem and x˙reHII (as well as the corresponding
terms for helium) can be included in Eq. (1) to model
reionization. These terms are discussed in much greater
detail in Sec. IIIG.
To summarize, DarkHistory computes the ionization
and thermal history in the presence of exotic sources of
energy injection, with the evolution equations in the ab-
sence of helium given by
T˙m = T˙
(0)
m + T˙
inj
m + T˙
re
m ,
x˙HII = x˙
(0)
HII + x˙
inj
HII + x˙
re
HII . (6)
In the rest of the paper, we will describe how we cal-
culate the inputs required to integrate these equations,
i.e. fc(z,x), T˙ rem , x˙reHII and the modifications necessary to
include helium.
4III. CODE STRUCTURE AND CONTENT
In this section we discuss the structure and physics
content of the DarkHistory package.
A. Overview
Fig. 1 shows a flowchart depicting the overall structure
of DarkHistory. The overall goal of the code is to take in
some injected spectrum of photons and electron/positron
pairs at a given redshift, and partition the energy into
several categories as they lose their energy over a small
redshift step:
1. High-energy deposition. This is the total amount
of energy deposited into ionization, excitation and
heating by any high-energy (above 3 keV) electron
generated during any of the cooling processes;
2. Low-energy electrons. These are electrons that have
kinetic energy below 3 keV where atomic cooling
processes typically dominate over ICS after recom-
bination. These electrons are separated out at each
step in order to treat their energy deposition (which
occurs in a timescale much shorter than the time
step) more carefully;
3. Low-energy photons. These are photons with ener-
gies below 3 keV that either photoionize within the
redshift step, or lie below 13.6 eV. Such photons
either lose all their energy within the redshift step,
or cool only through redshifting, and thus can be
treated in a simplified manner; and
4. Propagating photons. These are photons that are
present at the end of the redshift step and are not
included in the low-energy photons category.
Throughout the paper, we use the word “electrons” to
refer to both electrons and positrons. Although the inter-
actions of electrons and positrons with the gas differ, the
ICS cross-sections are identical, and ICS dominates the
energy losses down to energy scales where the positron
is nonrelativistic [33]. For nonrelativistic positrons, their
mass energy is converted into photons through annihi-
lation with electrons. Since the positron mass is much
larger than the kinetic energy in this regime, neglecting
differences in kinetic energy loss between electrons and
positrons is unlikely to be important. In a future version
of DarkHistory we plan to include a more sophisticated
treatment of low energy electrons and positrons.
The outputs in the first three categories are used to
compute the evolution of the ionization and temperature
history at this redshift step, before the code moves on to
the next step and performs the same calculation again.
A brief description of a step in this loop is as follows:
1. Input. Before the code begins, the user specifies a
DM energy injection model or some other redshift-
dependent energy injection rate, as well as the pho-
ton and e+e− spectra produced per energy injection
event. By default, DarkHistory starts from an ini-
tial redshift of 1+z = 3000, ensuring that the spec-
tra of particles present at and after recombination
(at z ∼ 1000) are accurate. Details are provided
in Sec. III C. Inputs to the code are provided to
the function evolve() found in the module main;
some tools for obtaining spectra from an arbitrary
injection of Standard Model particles can be found
in the pppc module;
2. Injected electron cooling. Injected electrons (and
positrons) cool through a combination of atomic
processes and ICS. Transfer functions that map
these injected electrons to high-energy deposition,
secondary photons from ICS and positron annihi-
lation, and low-energy electrons are computed and
applied to the injected electrons. A discussion of
these calculations can be found in Sec. IIID and in
the electrons module of the code.
The sum of the secondary photons produced
by electron cooling, photons injected on this
timestep, and propagating photons from the previ-
ous timestep are used as input to the photon cool-
ing transfer functions, which we describe next;
3. Photon propagation and energy deposition. At
this stage, we have a spectrum of photons that
can undergo a range of cooling processes to
lose their energy over this redshift step. The
effect of these cooling processes on the pho-
ton spectrum can be reduced to three trans-
fer functions that we will describe in detail in
Sec. III E. These transfer functions have been
pre-computed separately and can be downloaded
at https://doi.org/10.7910/DVN/DUOUWA, to-
gether with all the other data required to run the
code. These transfer functions determine how pho-
tons in this redshift step turn into propagating pho-
tons that continue on to the next redshift step, and
low-energy photons and low-energy electrons that
undergo further processing. All of these computa-
tions occur in the main module;
4. Calculating fc(z,x). The low-energy photons and
low-energy electrons from this redshift step deposit
their energy into ionization, heating and excitation
of atoms, and the value of fc(z,x) at this step is
computed by comparing the energy deposited in
each channel to the energy injection rate for this
timestep. Details of this computation are given
in Sec. III F, and can be found in the low_energy
module;
5. TLA integration and reionization. With fc(z,x)
at this step, we can now integrate the TLA across
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FIG. 1. Flowchart showing schematically how the calculation of ionization and thermal histories in DarkHistory proceeds.
Solid boxes represent input spectra (light pink), intermediate spectra used in calculations (black) and output spectra and
quantities (purple), while arrows indicate numerical calculations that take place within the corresponding color-coded modules.
The dashed grey box encloses all of the transfer functions for electron cooling (blue) and photon propagation and deposition
(red), which are defined in Sec. IIID and III E respectively. The calculation of fc(z) (orange) and the integration of the TLA
(green) are explained in Sec. III F and IIIG respectively. Propagating photons and ionization/temperature values, which are
used in calculating the transfer functions, are used as inputs for the next step (purple). All notation used here are defined in
the text, and a summary table with their definitions can be found in Appendix D. Each step is outlined in Sec. III A, and then
explained in more detail in subsequent subsections within Sec. III. The modules shown here will also be outlined in Sec. IV.
this redshift step. We can also include a reion-
ization model, or track helium ionization, both of
which add more terms to the TLA, as detailed in
Sec. IIIG. We now know the x and Tm that are
reached at the end of this step. These calculations
are done in the history module; and
6. Next step. The x and Tm values computed above
are passed to the next redshift step, so that all
transfer functions at the next step can be computed
at the appropriate ionization level. The propagat-
ing photons found above are also passed to the next
step, and the loop repeats.
Because fc(z,x) is computed by integrating the TLA
at each step, and all transfer functions are evaluated at
the value of x in the step, the backreaction of increased
ionization levels is now fully accounted for.
In the next several sections, we will describe both the
physics and numerical methods that go into the loop.
B. Discretization
Before describing in detail each part of DarkHistory,
we will first describe how discretization occurs in our
code, and the notation we will use throughout this pa-
per. Typically, we will deal with some smooth spectrum
of particles dN/dE(E,A,B, · · · ), which is a function of
6the energy abscissa E, and several other variables that
we denote here as A,B, · · · . Smooth functions that are
derivatives will always use ‘d’ to denote differentiation,
and parentheses to denote functional dependence. We
shall always discretize such spectra as
dN
dE
(Ei, Aj , Bk, · · · ) ≈ S[Ei, Aj , Bk, · · · ] . (7)
The discretized spectrum S is a matrix of dimension equal
to the number of variables it depends on, where i, j, k, ...
index discrete values of these variables. Throughout this
paper, we will denote vectors (quantities which depend
on a single variable) by a bold typeface and matrices
(quantities that depend on multiple variables) by a sans-
serif typeface. Discrete steps or changes are denoted by
‘∆’, and discrete functional dependencies are written in
square brackets.
S times the bin width should always be regarded as a
matrix of number of particles inside some bin, all with en-
ergy given by Ei. This matrix is mathematically defined
as
N[Ei, Aj , Bk, · · · ] ≡ S[Ei, Aj , Bk, · · · ]×Ei∆ logEi , (8)
where ∆ logEi is the log-energy bin width. We will al-
ways take Ei∆ logEi to be the bin width by convention.
In DarkHistory, spectra are binned into energy values
that are evenly log-spaced. Ei should be regarded as the
bin center, with the bin boundaries occurring at the ge-
ometric mean of adjacent energy values, and the bound-
aries of the first and last bin are taken to be symmetric
(in log-space) about the bin centers.
C. Input
To initialize the loop described above, the user must
specify the discretized photon and electron spectra pro-
duced per injection event, which we denote N
γ
inj[E
′
j ] and
N
e
inj[E
′
j ]. Bars denote spectra or transfer functions that
have been normalized by some process or quantity, while
spectra without any markings denote a number of parti-
cles per baryon from here on, unless otherwise specified.
Given the redshift-dependent rate of injection events
per volume (dN/dV dt)inj we can determine the spec-
trum of particles Nαinj injected within a log-redshift step
of width ∆ log(1 + z) per baryon by
Nαinj[E
′
i, z] = N
α
inj[E
′
i]
(
dN
dV dt
)inj
G(z) , (9)
where α take on values γ or e, and
G(z) ≡ ∆ log(1 + z)
nB(z)H(z)
, (10)
where nB is the number density of baryons. G(z) con-
verts between the rate of injection events per volume and
the number of injection events per baryon in the log-
redshift step.
In the following sections, we will be mostly concerned
with log-redshift steps, and so it is convenient to define
y ≡ log(1 + z) , (11)
and likewise ∆y ≡ ∆ log(1 + z).
D. Injected Electron Cooling
After specifying the injected spectra, the next step of
the code is to resolve the injected electron/positron pairs,
Neinj. High-energy electrons and positrons cool through
atomic processes (collisional ionization, collisional exci-
tation and Coulomb heating), as well as ICS off CMB
photons. After losing their kinetic energy to these pro-
cesses, positrons ultimately annihilate with free electrons
in the IGM, producing high-energy photons. All of these
processes occur within a timescale much shorter than the
timesteps considered in DarkHistory. Because of this,
the code converts all input high-energy electrons into en-
ergy deposited into ionization, excitation, heating, scat-
tered photons from ICS, and low-energy electrons (below
3 keV), which we treat separately. The photons produced
from ICS are added to those that are injected promptly
from the DM energy injection process, as well as propa-
gating photons from the previous step.
We will first briefly discuss our calculation of the scat-
tered photon and electron spectra from ICS, and then
move on to describe the numerical method used to com-
pute electron cooling.
1. Inverse Compton Scattering
ICS off CMB photons is an important energy loss
mechanism for electrons/positrons over a large range of
energies and redshifts. The efficiency of ICS as a cooling
mechanism relative to atomic cooling processes has been
the subject of some confusion in the literature, with some
earlier studies [26, 27] underestimating the cooling rate
of the electrons. ICS becomes more important relative
to atomic processes as the electron energy increases, but
a correct treatment shows that even nonrelativistic elec-
trons can have ICS as the main cooling mechanism in the
early universe; at z ∼ 600, for example, it is the primary
energy loss mechanism for electrons with kinetic energy
& 10 keV [28, 30]. Existing work on electron cooling has
focused on the highly nonrelativistic regime (electron ki-
netic energy below 3 keV) [34], where ICS is unimportant
compared to atomic cooling processes, or on the relativis-
tic regime [26, 27, 35].
Earlier work by one of the authors [2, 30] already incor-
porates ICS cooling for electrons across both the Thom-
son and the relativistic regimes. DarkHistory improves
the accuracy of the calculation in the Thomson regime
7by using the full expression for the spectrum of scattered
photons, with no further approximation. As a result, the
code is able to accurately calculate the scattered photon
spectrum and the energy loss spectrum of electrons. This
means that we fully cover all relevant regimes for ICS for
electrons of arbitrary energy scattering off the CMB at
all redshifts z ∼ 109 and below.3 These calculations are
fast and numerically stable even for nonrelativistic elec-
trons, where conventional numerical integration can be
unreliable due to the presence of catastrophic cancella-
tions between large terms.
We leave a full discussion of how DarkHistory treats
ICS to Appendix A. In summary, the code is able to
compute the scattered photon and electron spectra that
are produced per unit time due to ICS off the CMB across
all relevant kinematic regimes. These spectra are then
taken as inputs for the numerical computation of how an
electron cools taking into account all processes, which is
described below.
2. Numerical Method
Consider an injected electron (or positron) with ki-
netic energy E′ (all quantities associated with injected
particles throughout this paper will be denoted with ′).
Let Rc(E′) be the energy eventually deposited into some
channel c by this electron, once it has lost all of its initial
energy. Within a short time interval ∆t (taken to be 1 s
in our calculation), the electron undergoes all possible
cooling processes with some probability, producing the
(averaged) secondary electron spectrum dN/dE. Within
this same interval ∆t, some portion of the energy Pc(E′)
is also deposited promptly into the channel under consid-
eration. The secondary electron spectrum then deposits
its energy according to Rc for energies lower than E′. We
can thus write the following recursive equation:
Rc(E
′) =
∫
dE Rc(E)
dN
dE
+ Pc(E
′) . (12)
Note that Rc(E′) does not include deposition to the chan-
nel c via secondary photons from ICS or positron an-
nihilation; because the cooling times of secondary pho-
tons can be much longer than a timestep, they must be
treated separately. Rc(E′) as defined here is the “high-
energy deposition” from electrons within the timestep,
as described in Section IIIA. The relevant channels are
c = {‘ion’, ‘exc’, ‘heat’} for deposition into collisional ion-
ization, collisional excitation and heating respectively.
The ‘ion’ and ‘exc’ channels include ionization and ex-
citation off all species.
3 Above this redshift, photons have energies comparable to the
electron mass me, and Klein-Nishina scattering can occur be-
tween photons and non-relativistic electrons, which falls outside
of the two regimes considered here.
As long as the time step ∆t is much shorter than the
characteristic interaction timescale of all of the interac-
tions, dN/dE is simply the sum of all of the scattered
electron spectra due to each process within ∆t, normal-
ized to a single injected electron. A detailed accounting
of the relevant cross sections and secondary spectra is
provided in Ref. [1], and these results can be used to cal-
culate dN/dE and Pc. We will denote the discretized
version of the normalized scattered electron spectra by
N, since it is normalized to one electron.
Numerically, we would like to compute Rc, a vector
containing the energy deposited into channel c, with each
entry corresponding to a single electron with initial ki-
netic energy E′. The overline notation serves as a re-
minder that the quantity is normalized to one injected
electron. The discretized version of Eq. (12) reads
Rc[E
′
i] =
∑
j
N[E′i, Ej ]Rc[Ej ] +Pc[E
′
i] , (13)
where Pc is the vector of the prompt energy deposition
in channel c per electron. This is a linear system of equa-
tions, and we can solve for each Rc given N and Pc.
A similar procedure also works for finding the ICS pho-
ton spectrum after an electron completely cools. Let the
discretized spectrum be TICS,0[E′e,i, Eγ,j ], where E′e is
the initial electron kinetic energy, and Eγ is the photon
energy. Then the ICS photon spectrum produced after
complete cooling of a single electron satisfies
TICS,0[E
′
e,i, Eγ,j ] =
∑
k
N[E′e,i, Ee,k]TICS,0[Ee,k, Eγ,j ]
+ NICS[E
′
e,i, Eγ,j ] , (14)
with NICS being the discretized version of the scattered
photon spectrum defined in Eq. (A1) within ∆t, and in-
dices e and γ have been inserted to clarify the difference
between electron and photon energies. This spectrum
consists of CMB photons that are upscattered by the
injected electron; in order to be able to track energy con-
servation, we also need to keep track of the initial energy
of the upscattered photons. We therefore also need to
solve
RCMB[E
′
i] =
∑
j
N[E′i, Ej ]RCMB[Ej ] +PCMB[E
′
i] , (15)
where PCMB is the total initial energy of photons up-
scattered in ∆t.4 At this point, we now define T ICS to
be the ICS photon spectrum with the upscattered CMB
4 We do not have to track the photon spectrum, since the initial
CMB photon energy is only significant for nonrelativistic injected
electrons, which are always in the Thomson regime and hence
scatter in a frequency-independent manner. For relativistic elec-
trons, the initial CMB photon energy is neglected, as the photon
is overwhelmingly upscattered to a much higher final energy.
8spectrum subtracted out, so that T ICS now represents a
distortion to the CMB spectrum:
TICS[E
′
e,i, Eγ,j ] =TICS,0[E
′
e,i, Eγ,j ]
−RCMB[E′e,i]NCMB[Eγ,j ] , (16)
where NCMB is the CMB spectrum normalized to unit
total energy. The total of energy of T ICS for each E′e,i
therefore gives the energy lost by the incoming electron
through ICS.
Finally, the low-energy electron spectrum produced is
similarly given by
Te[E
′
e,i, Ee,j ] =
∑
k
Nhigh[E
′
e,i, Ee,k]Te[Ee,k, Ee,j ]
+ Nlow[E
′
e,i, Ee,j ] , (17)
where Nhigh (Nlow) is N with only high-energy (low-
energy) Ee,k included.
In DarkHistory, we choose a square matrix N with the
same abscissa for both injected and scattered electron
energies. As a result, N has diagonal values that are very
close to 1, since most particles do not scatter within ∆t.
Because of this, we find that it is numerically more stable
to solve the equivalent equation
E˜[E′i]
E′i
Rc[E
′
i] =
∑
j
N˜[E′i, Ej ]Rc[Ej ] +Pc[E
′
i] , (18)
where
N˜[E′i, Ej ] ≡
{
N[E′i, Ej ] , E
′
i < Ej ,
0 , otherwise,
(19)
E˜[E′i] ≡
∑
j
N˜[E′i, Ej ]Ej +
∑
c
Rc[E
′
i]
+
∑
j
TICS[E
′
i, Eγ,j ]Eγ,j . (20)
The variables N˜ and E˜ are simply the number of electrons
and total energy excluding electrons that remained in the
same energy bin after ∆t. Eqs. (16) and (17) can be
similarly transformed in the same way as Eq. (18) and
solved. Since N˜ is a triangular matrix, the SciPy function
solve_triangular() is used for maximum speed.5
Having calculated Rc, TICS and Te, all normalized to
a single electron, the final result when an arbitrary elec-
tron spectrum Neinj[E
′
e,i] completely cools is simply given
by contracting these quantities with Neinj. Note that all
of these quantities are also dependent on redshift: we
5 The upscattering of electrons during ICS is negligible: see Ap-
pendix A for more details.
have simply suppressed this dependence for notational
simplicity in this section.
Finally, after positrons have lost all of their kinetic
energy, they are assumed to form positronium and anni-
hilate promptly, producing a gamma ray spectrum that
also gets added to the propagating photon spectrum. The
positronium spectrum is given simply by
Nγpos[Ei] =
1
2
N
γ
pos[Ei]
∑
j
Neinj[E
′
j ] , (21)
whereN
γ
pos is the positronium annihilation spectrum nor-
malized to a single positron, shown in Appendix B. The
factor of 1/2 accounts for the fact thatNeinj contains both
electrons and positrons in equal number.
Since all calculated quantities depend on z and x, all
quantities discussed in this section have to be computed
at each redshift step. This allows us to properly cap-
ture the effect of changing ionization levels on the energy
deposition process.
E. Photon Propagation and Energy Deposition
After resolving the injected electrons and obtaining the
photons produced from their cooling, the spectrum of
photons that have been newly injected per baryon per
log-redshift can be discretized as
dNγnew
dE′j dy
(E′j)× E′j log ∆E′j ×∆y ≈ Nγnew[E′j ] , (22)
where Nγnew is the sum of photons injected directly by
the injection event, and photons produced by the cooling
of injected electrons, i.e.
Nγnew[E
′
j ] = N
γ
inj[E
′
j ] +N
γ
pos[E
′
j ]
+
∑
i
TICS[E
′
e,i, E
′
j ]N
e
inj[E
′
e,i] . (23)
These photons can cool through a number of processes,
including redshifting, pair production, Compton scat-
tering and photoionization. Within a particular log-
redshift step, low-energy photons and low-energy elec-
trons are produced, and some high-energy deposition
from high-energy electrons produced by Nγnew occur. On
the other hand, some part of the photon spectrum lies
above 13.6 eV and does not photoionize within the log-
redshift step; instead, these photons propagate forward
to the next step.
The resulting deposition into low-energy photons and
electrons was used to compute fc in Ref. [30], assuming
the fixed baseline ionization history. In order to capture
the dependence on ionization history, however, we need
to be able to calculate the propagation and deposition
processes at any ionization level, redshift and injected
particle energy.
9One of the main ideas of DarkHistory is to capture the
photon cooling processes as precomputed transfer func-
tions with injection energy, redshift and ionization levels
as the dependent variables. These transfer functions then
act on some incoming spectrum and produce a spectrum
of propagating particles, a spectrum of deposited parti-
cles or some amount of deposited energy within a log-
redshift step. These transfer functions can be evaluated
at various points in injection energy, redshift, and ion-
ization levels, and interpolated at other points. With a
given injection model, we can then string together these
transfer functions to work out the propagation of photons
and the deposition of energy, over an extended redshift
range, given any exotic source of energy injection.
1. Propagating Photons
Consider a spectrum of photons per baryon denoted
dNγ/dE′ that is present in the universe at some log-
redshift y. As these photons propagate, various cool-
ing processes result in these photons being scattered into
energies below 13.6 eV, or they may photoionize on an
atom in the gas. Those particles that do not undergo
either process within a redshift step are called “propa-
gating photons”, and continue to propagate into the next
redshift step.
We define the transfer function for propagating pho-
tons P
γ
(E′, E, y′, y) through the following relation:
dNγprop
dE
∣∣∣∣
y
=
∫
dE′ P
γ
(E′, E, y′, y)
dNγ
dE′
∣∣∣∣
y′
. (24)
P
γ
takes a spectrum of photons that are present at y′ and
propagates them forward to a spectrum of propagating
photons at y. P
γ
(E′, E, y′, y) is exactly the number of
propagating photons per unit energy that results from
a single photon injected at log-redshift y′ with energy
E′ cooling until log-redshift y. The P
γ
functions are
calculated separately using the code described in Ref. [1,
30].
We distinguish between two different sources of pho-
tons between two redshifts y′ and y (with y′ > y): propa-
gating photons at y′, dNγprop/dE′, and the newly injected
photons between the redshifts y′ and y, defined in dis-
cretized form in Eq. (23). With these sources, we can
write the spectrum of propagating photons at y as
dNγprop
dE
∣∣∣∣
y
=
∫
dE′ P
γ
(E′, E, y′, y)
dNγprop
dE′
∣∣∣∣
y′
+
∫
dE′
∫ y′
y
dη P
γ
(E′, E, η, y)
dNγnew
dE′ dη
∣∣∣∣
η
.
(25)
We discretize this expression by defining the following
discrete quantities according to the conventions set down
in Eqs. (7) and (8):
P
γ
[E′i, Ej , y
′,∆y]E′i∆ logE
′
i ≈ P
γ
(E′i, Ej , y
′, y′ −∆y) ,
Nγprop[E
′
i, y
′] ≈ dN
γ
prop
dE′
∣∣∣∣
y′
E′i ∆ logE
′
i ,
(26)
where we have chosen some fixed value of ∆y, so that the
final redshift is y = y′−∆y. In DarkHistory, the default
value is ∆y = 10−3, although this can be adjusted by the
process of coarsening, described in Sec. III E 3. Drop-
ping the dependence on ∆y for simplicity, the discretized
version of Eq. (25) reads
Nγprop[Ej , y] =
∑
i
P
γ
[E′i, Ej , y
′]Nγ [E′i, y
′] , (27)
where we have defined
Nγ [E′i, y] ≡ Nγprop[E′i, y] +Nγnew[E′i, y] . (28)
2. Energy Deposition
Aside from P
γ
, we also have three deposition transfer
functions describing the energy losses of Nγ into high-
energy deposition, low-energy electrons and low-energy
photons, as defined in Sec. III A. These transfer func-
tions are defined by their action on the discretized photon
spectrum, Nγ , and are discretized in a similar manner.
The low-energy electron deposition transfer matrix,
D
e
, yields the low-energy electrons produced via cool-
ing of Nγ . Adding the low-energy electrons produced
directly from the injected electrons Neinj, we obtain the
full low-energy electron spectrum Nelow[Ej , y] at a partic-
ular redshift step:
Nelow[Ee,j , y] =
∑
i
D
e
[E′γ,i, Ee,j , y
′]Nγ [E′γ,i, y
′]
+Nelow,inj[Ee,j , y] , (29)
where
Nelow,inj[Ee,j , y] =
∑
i
T
e
[E′e,i, Ee,j , y]N
e
inj[E
′
e,i, y] , (30)
while the deposition transfer matrix D
γ
yields the low-
energy photons,
Nγlow[Ej , y] =
∑
i
D
γ
[E′i, Ej , y
′]Nγ [E′i, y
′] . (31)
Nγlow is computed as a distortion to the CMB spectrum,
with D
γ
computed with the initial spectrum of upscat-
tered CMB photons subtracted, in the same way as T ICS,
as shown in Eq. (16).
As the propagating photons cool over a single log-
redshift step, they generate high-energy electrons along
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the way. These are handled in a similar manner to in-
jected high-energy electrons as described in Sec. IIID,
but instead of performing the calculation at each step,
we simply provide transfer functions D
high
c that act on
propagating photons and return the high-energy deposi-
tion into the channels c ={‘ion’, ‘exc’, ‘heat’}.6 We can
then combine this with the result from electron cooling
to obtain the high-energy deposition per baryon within
a log-redshift step into each channel c:
Ehighc [y] =
∑
i
D
high
c [E
′
γ,i, y
′]Nγ [E′γ,i, y
′]
+
∑
i
Rc[E
′
e,i, y
′]Neinj[E
′
e,i, y
′] . (32)
To summarize, we have defined the following trans-
fer functions: P
γ
for propagating photons, and D
γ
, D
e
and D
high
c for deposition into low-energy photons, low-
energy electrons and high-energy deposition channels re-
spectively. These transfer functions act on the spectrum
of photons Nγ (from both the injection source and the
cooling of injected electrons). Together with the transfer
functions for the cooling of injected electrons, we have
all the information needed to propagate injected parti-
cles and compute their energy deposition as a function of
redshift.
3. Coarsening
The propagating photons transfer function P
γ
can al-
ways be evaluated with the same input and output en-
ergy abscissa, so that the 2D transfer matrix at each y
is square. If the transfer function P
γ
does not vary sig-
nificantly over redshift, then in the interest of computa-
tional speed, we can make the following approximation
of Eq. (27) for propagation transfer matrices:
Nγprop[Ej , y − n∆y] ≈
(
P
γ
1/2
)n
ji
Nγi [y] , (33)
where repeated indices are summed. i and j index input
and output energies, and P
γ
1/2 is P
γ
evaluated at log-
redshift y−n∆y/2 to minimize interpolation error. When
making this approximation, we also have to ensure that
we redefine
Nαinj[E
′
i, y]→ nNαinj[E′i, y] (34)
for both channels α = e and γ, so that we (approxi-
mately) include all of the particles injected between y
and y − n∆y.
6 For legacy reasons, DarkHistory actually computes the transfer
function that returns the high-energy deposition per second; this
is just a difference in convention.
Likewise, if both the deposition and propagation ma-
trices do not vary significantly over redshift, we can ap-
proximate Eq. (31) as
Nγlow[Ej , y − n∆y] ≈
(
D
γ
1/2
)
jk
∑
m
(
P
γ
1/2
)m
ki
Nγi [y] ,
(35)
with repeated indices once again being summed over.
D
γ
1/2 is defined in the same manner as P
γ
1/2. This equa-
tion essentially applies the deposition transfer matrix at
y − n∆y/2 to all n steps of the propagation of the spec-
trum Nγ from y to y −∆y, which itself is approximated
by P
γ
1/2. In our code, we call these approximations “coars-
ening”, and the number n in both Eqs. (33) and (35) the
“coarsening factor”.
4. Different Redshift Regimes
In DarkHistory we separate our transfer matrices into
three redshift regimes: redshifts encompassing reioniza-
tion (z < 50), redshifts encompassing the times between
recombination and reionization (50 ≤ z ≤ 1600), and
redshifts well before recombination (z > 1600). Dur-
ing the redshifts encompassing reionization, we allow our
transfer functions to be functions of xHII and xHeII, en-
abling the use of reionization models that evolve hydro-
gen and helium ionization levels separately. We only
consider singly-ionized helium in the current version of
DarkHistory since we expect xHeIII not to play an impor-
tant role until z ∼ 6. We compute the transfer functions
on a grid of zk, xmHII, and x
n
HeII, and linearly interpolate
over the grid of pre-computed transfer functions.
Between recombination and reionization, the helium
ionization level lies at or below the hydrogen ionization
level, since helium has a larger ionization potential at
24.6 eV. After recombination, current experimental con-
straints typically forbid a large ionization fraction, i.e.
we expect xHII . 0.1 [5]. As such, setting xHeII = 0 is
a good approximation for the photon propagation and
deposition functions: since FHe ∼ 8%, neglecting helium
ionization only results in . 8% error to xe, and . 10% er-
ror in the density of neutral helium. We therefore follow
the same procedure as before, except we now calculate
and interpolate the transfer functions over a grid of zk
and xmHII values while holding the helium ionization level
fixed to zero.
Finally, well before recombination, we expect the uni-
verse to be close to 100% ionized and tightly coupled
thermally to the CMB. Any extra source of exotic en-
ergy injection that is consistent with current experimen-
tal constraints will likely have a negligible effect on the
ionization and thermal histories. We thus calculate and
interpolate our transfer functions over a grid of zk values
while holding the hydrogen and helium ionization levels
to the baseline values provided by RECFAST [19].
The actual grid values zk, xmHII, and x
n
HeII in each of
these regimes can be found in the code, and have been
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chosen so that interpolation errors are at the sub-10%
level when fc(z) is calculated using the same method
detailed in Ref. [30]. Our results for fc(z) without taking
into account backreaction, including some improvements
over Ref. [30], can be found in Appendix C.
F. Calculating fc(z)
The low-energy photons Nγlow[Ei, z] and low-energy
electrons Nelow[Ei, z], defined in Sec IIIA, transfer their
energy into ionization and excitation of atoms, heating of
the IGM, and free-streaming photons to be added to the
CMB continuum. In DarkHistory we keep track of how
much energy low energy photons and electrons deposit
into channels c ∈ {‘Hion’, ‘Heion’, ‘exc’, ‘heat’, ‘cont’},
which represent hydrogen ionization, helium ionization,
hydrogen excitation, heating of the IGM, and sub-10.2 eV
continuum photons respectively. The energy deposition
fractions fc(z) are then found by normalizing the total
energy deposited into channel c within a redshift step
by the total energy injected within that step according
to Eq (4). We closely follow the method for computing
fc(z) described in Ref. [30].
Before calculating fc(z) for each channel, it is instruc-
tive to see how to calculate the total amount of energy
deposited per unit time and volume, (dE/dV dt)dep. The
low-energy photon and electron spectra Nγlow[Ei] and
Nelow[Ei] as defined above contain a number of particles
per baryon deposited within each log-redshift bin (the z-
dependence has been suppressed since all calculations in
this section occur at the same redshift step). We can con-
vert between these and spectra containing the number of
particles produced per unit volume and unit time using
the conversion factor G(z) introduced in Eq. (10). For
example, to obtain the total amount of energy deposited
at a given redshift per unit time and volume, one sim-
ply sums over low-energy particle type and applies the
conversion factor,
(
dE
dV dt
)dep
low
=
1
G(z)
∑
α
∑
i
E′iN
α
low[E
′
i] . (36)
To calculate the total amount of energy deposited we
must also add the amount deposited by high energy elec-
trons and photons, which we computed in Eq. (32):(
dE
dV dt
)dep
high
=
1
G(z)
∑
c
Ehighc . (37)
Then the total deposited energy summed over all chan-
nels is given by(
dE
dV dt
)dep
=
(
dE
dV dt
)dep
low
+
(
dE
dV dt
)dep
high
. (38)
With this example in mind, we are now ready to under-
stand how to split the energy deposition into the different
channels.
1. Photons
We first compute fc(z) for low-energy photons, starting
with energy deposition into continuum photons. These
are photons with energy below 3R/4 = 10.2 eV that are
unable to effectively transfer their energy to free elec-
trons or atoms, so they just free stream. The energy of
these photons constitutes deposition into the continuum
channel, i.e.(
dEγ
dV dt
)dep
cont
=
1
G(z)
3R/4∑
Ei=0
EiN
γ
low[Ei] . (39)
To calculate the total amount of energy deposited into
hydrogen excitation, we make the approximation that
all photons with energies between 3R/4 = 10.2 eV and
R = 13.6 eV deposit their energy instantaneously into
hydrogen Lyman-α excitation, following [30]:(
dEγ
dV dt
)dep
exc
=
1
G(z)
R∑
Ei=3R/4
EiN
γ
low[Ei] . (40)
A more complete treatment of excitation would involve
keeping track of sub-13.6 eV energy photons as they red-
shift into the Lyman-α transition region at 10.2 eV, and
should also include two-photon excitation into the 2s
state.7 Finally, helium excitation has been neglected,
since the de-excitation of helium atoms, which occurs
quickly, produces photons that can eventually photoion-
ize hydrogen. We therefore expect almost no net depo-
sition of energy into helium excitation. Energy injection
through helium excitation would mainly affect the pro-
cess of helium recombination, when the probability of
ionization after excitation to a higher state is significant
due to the photon bath. However, we do not track this
small effect, since the change to xe would be very small.
We leave a more careful treatment of excitation that can
correctly take into account all of these effects to future
work.
We now move on to ionization. All photons above
R = 13.6 eV that are included in Nγlow have photoionized
one of the atomic species (HI, HeI and HeII). However,
after photoionizing a helium atom, the resulting ion may
quickly recombine with an ambient free electron, pro-
ducing an RHe = 24.6 eV or 4R = 54.4 eV photon, which
may then go on to photoionize hydrogen instead.8
We can handle low-energy photons with energy Eγ that
photoionize neutral helium in one of the following three
ways:
7 Two-photon 1s → 2s transitions are in fact as important as
Lyman-α transitions near recombination in determining the ion-
ization history, due to the fact that the Lyman-α line is optically
thick at this time.
8 The photoionization rate on neutral hydrogen is much faster than
the Hubble rate for xHII . 0.9999 for z > 3.
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1. if helium is completely ignored, the photon is as-
sumed to photoionize hydrogen, producing a low-
energy electron with energy Eγ − R from pho-
toionization and depositing R into hydrogen ion-
ization. This is the approach used in previous cal-
culations of fc(z) [30], but leaves us unable to self-
consistently track xHeII if desired;
2. the photon produces a low-energy electron with en-
ergy Eγ −RHe from photoionization, depositing R
into hydrogen ionization from the recombination
photon (with energy RHe) and producing an elec-
tron with energy RHe − R, which ultimately de-
posits energy into hydrogen excitation, heating and
sub-10.2 eV photons. This approach was previously
discussed in Ref. [28], and found to result in very
little difference when compared to method (1); or
3. the photon produces a low-energy electron with en-
ergy Eγ − RHe from photoionization and deposits
RHe into helium ionization.
The most accurate accounting of helium ionization lies
somewhere between methods (2) and (3); however, either
method will likely lead to very similar results in terms of
xe and Tm, since the bulk of the energy is deposited by
the electron from the initial photoionization for photon
energies Eγ  RHe, and the remaining energy always
leads to one ionization event overall. DarkHistory offers
the choice of these three options for implementing helium
ionization.
We have checked that all three methods lead to similar
ionization and temperature histories for DM models over
a large range of masses decaying to both e+e− and γγ;
these checks are shown in Appendix C. We recommend
simply using method (1) with helium turned off if the
user is interested in ionization and temperature histo-
ries well before reionization, and using both method (2)
and (3) with helium turned on to bracket the uncertain-
ties associated with energy deposition on helium if the
user is interested in the epoch of reionization.
To summarize, the amount of deposited energy into
hydrogen per unit time and volume is given by(
dEγ
dV dt
)dep
Hion
=
R
G(z)
∑
Ei>R
qγH[Ei]N
γ
low[Ei] , (41)
and into helium ionization by:(
dEγ
dV dt
)dep
Heion
=
RHe
G(z)
∑
Ei>RHe
qγHe[Ei]N
γ
low[Ei] , (42)
producing a low-energy electron spectrum after photoion-
ization of
Neion[Ei] = q
e
H(Ei +R)Nγlow[Ei +R]
+ qeHe,a(Ei +RHe)Nγlow[Ei +RHe]
+ δ[Ei −RHe +R]
∑
j
qeHe,b(Ej)N
γ
low[Ej ] ,
(43)
Method qγH q
e
H q
γ
He q
e
He,a q
e
He,b
1 1 1 0 0 0
2 1 q 0 1− q 1− q
3 q q 1− q 1− q 0
TABLE I. List of q-coefficients for use in Eqs. (41)–(43). The
variable q is defined in Eq. (44).
where δ[Ei − RHe + R] is one when the bin boundaries
span the energy RHe −R and is zero otherwise, and
q(Ei) ≡
{
nHIσHI(Ei)
nHIσHI(Ei)+nHeIσHeI(Ei)
, Ei > R,
0, otherwise,
(44)
with the σ’s denoting the photoionization cross section of
the appropriate species. Neion is added to the low-energy
electron spectrum, Nelow, which is then treated in the
next section. The values of the q-coefficients depend on
the method, and are shown in Table I.
2. Electrons
To compute how low-energy electrons deposit their en-
ergy into the different channels, we use the results ob-
tained by the MEDEA code [26, 27], following a similar
treatment to Ref. [28]. Although DarkHistory also in-
cludes a calculation of electron energy deposition, which
we discussed in Sec. IIID, the MEDEA results are more
accurate in the sub-3 keV electron energy range, includ-
ing a more detailed accounting of all possible atomic pro-
cesses (such as 2s→ 1s deexcitations) and with more up-
to-date cross sections. However, at mildly nonrelativistic
to mildly relativistic regimes, our calculation of ICS is
more accurate, as argued in Sec. IIID 1. Furthermore,
the MEDEA results assume that hydrogen and helium
are at similar ionization levels, which is not always a
good assumption. In future versions of DarkHistory, an
improved treatment of electrons may be a useful addition
to the code.
The MEDEA code uses a Monte Carlo method to track
high-energy electrons as they are injected into the IGM,
and determines the fraction of the initial electron energy
deposited into ionization, Lyman-α excitation, heating
of the gas and sub-10.2 eV photons. We use a table of
these energy deposition fractions pc(Ei, xe,j) [28], where
c ∈ {‘Hion’, ‘Heion’, ‘exc’, ‘heat’, ‘cont’} as before, xe,j
ranges between 0 and 1, and Ei ranges between 14 eV and
3 keV, and perform an interpolation over these values.
The energy deposition from electrons is then simply given
by (
dEe
dV dt
)dep
c
=
1
G(z)
∑
i
pc(Ei, xe)EiN
e
low[Ei] , (45)
keeping in mind that Neion has already been added to
Nelow. Between energies of 10.2 eV and 13.6 eV, where
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collisional excitations of hydrogen are possible but not
ionization, we use the result at 14 eV, but setting the
component into hydrogen ionization to zero and normal-
izing to unit probability. Below 10.2 eV, electrons can
only deposit energy through Coulomb heating.
3. High-Energy Deposition
Finally, the high-energy deposition component of the
total energy deposited is given by:(
dEhigh
dV dt
)dep
c
=
1
G(z)
Ehighc , (46)
where c ∈ { ‘ion’, ‘exc’, ‘heat’ }. Here, we add the high-
energy excitation and ionization component to Lyman-α
excitation and hydrogen ionization for simplicity, even
though the high-energy deposition is computed for all
atomic species. A more accurate computation of this to-
gether with a more consistent treatment of helium ioniza-
tion will be a potential improvement in a future version
of DarkHistory.
With the rate of energy deposition through both low-
energy photons and low-energy electrons computed, the
total energy deposition rate is then straightforwardly
given by (
dE
dV dt
)dep
c
=
∑
α
(
dEα
dV dt
)dep
c
, (47)
where α ∈ {γ, e, high}.
G. TLA Integration and Reionization
DarkHistory offers several options for which set of
assumptions should be used when integrating the ion-
ization and thermal histories. In the simplest case, the
user may integrate Eq. (6) at each redshift step based on
the fc(z,x) calculated above, with the reionization terms
switched off. As we have discussed, including this back-
reaction is already a significantly better treatment com-
pared to calculations which assume a standard recombi-
nation history, i.e. using fc(z,xstd(z)) (although backre-
action can also be switched off within DarkHistory).
The next significant improvement that is implemented
within DarkHistory is the tracking of the neutral helium
ionization fraction. Well before reionization, neglecting
helium is a good approximation, since the number density
of helium nuclei is only FHe ' 0.08 of hydrogen, and we
should expect only at most an 8% correction to xe if we
include helium.
However, tracking helium allows us to accomplish
a self-consistent modeling of exotic energy injection
and the reionization of hydrogen and neutral helium.
DarkHistory allows users to input a model of reioniza-
tion, for the first time extending the validity of these en-
ergy injection calculations into a regime where hydrogen
is fully ionized and helium is singly ionized.
1. Helium
The DarkHistory evolution equation governing helium
without any energy injection is identical to the RECFAST
model, and is given by [19]
x˙
(0)
HeII = CsHeI
(
xHeIIxenHα
s
HeI
− βsHeI(FHe − xHeII)e−E
s,He
21 /TCMB
)
+ CtHeI
(
xHeIIxenHα
t
HeI
− 3βtHeI(FHe − xHeII)e−E
t,He
21 /TCMB
)
. (48)
The singlet and triplet ground states of helium must be
treated separately, and terms relevant to the singlet or
triplet state are represented with a superscript s or t
respectively. Here, αHeI and βHeI are the recombination
and photoionization for HeI, EHe21 represents the energy
difference between the corresponding n = 1 and n = 2
states, and finally CHeI is the analog to the Peebles-C
coefficient found in Eq. (1), representing the probability
of a helium atom in the n = 2 state decaying to either
the singlet or triplet ground state before photoionization
can occur. The reader should refer to Refs. [19, 36, 37]
for details on the numerical values of the coefficients, as
well as how to compute CHeI.
We emphasize that although we have implemented all
of the modifications to the standard TLA in Eq. (1), our
code should not be used for high-precision cosmology,
given that it has not been tested extensively, e.g. with
different cosmological parameters from the central values
used in DarkHistory. We find that our code agrees to
within 3% of the RECFAST xe values for the cosmological
parameters used here, which is sufficient for computing
the effects of exotic energy injection at this stage.
In the presence of exotic sources of energy injection,
low-energy photons and electrons can also change the he-
lium ionization level. Once again, we express the energy
injection source term as
x˙injHeII =
fHe ion(z,x)
RHenH
(
dE
dV dt
)inj
, (49)
where RHe = 24.6 eV is the ionization potential of neu-
tral helium. As we discussed in Sec. III F 1, there are
three different methods available to evaluate fHeion which
bracket the uncertainties involved in helium ionization.
To summarize, the user may opt to track the change
in helium ionization levels. This means that in addition
to Eq. (6), we also include
x˙HeII = x˙
(0)
HeII + x˙
inj
HeII + x˙
re
HeII , (50)
where x˙reHeII is the contribution from processes that are
active during reionization.
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2. Reionization
The evolution equations shown in Eqs. (6) and (50)
can be integrated with all reionization terms switched
off if the user is primarily interested in temperatures or
ionization levels well before reionization starts at z ∼ 20.
In this regime, turning off helium is also a reasonable
approximation.
With reionization however, the helium ionization level
should be solved as well for complete consistency. We
solve the TLA differential equations shown in Eqs. (6)
and (50) in two separate redshift regimes. Prior to some
user-defined reionization redshift 1 + zre (zre ≤ 50), we
set T˙ rem , x˙reHII and x˙
re
HeII to zero. Once reionization be-
gins, we set x˙(0)HII and x˙
(0)
HeII to zero for z < zre instead,
switching over to the specified reionization model with
its own photoionization and recombination rates.9 We
also begin tracking doubly-ionized helium xHeIII, which
is always assumed to be zero before reionization.
The T˙ rem , x˙reHII and x˙
re
HeII terms depend on the details
of how reionization proceeds, which is still relatively un-
certain. However, choosing a model for the formation of
stars and active galactic nuclei (AGNs) and the associ-
ated photoionization and photoheating rates, these terms
can be evaluated. DarkHistory by default includes the
Puchwein+ model of Ref. [38]. We also demonstrate how
to implement the older Madau and Haardt model [39] in
Example 8. Both models provide a photoionization rate
ΓionγX(z) and a photoheating rate HionγX(z) as a function of
redshift and species X.
Along with these energy injection rates, we must also
include other relevant processes that alter the ionization
fraction of each species. Since these processes generally
convert kinetic energy to atomic binding energy, cooling
or heating of the gas due to these processes must also be
included in T˙ rem . The processes we include are:
1. collisional ionization, occuring at a rate ΓioneX for
each species X, and an associated cooling rate
−HioneX ;
2. case-A recombination, described by a rate coeffi-
cient αA,X for each species X, and an associated
cooling rate −HrecX ;
3. collisional excitation cooling, with a rate −HexceX ;
and
4. bremsstrahlung cooling, with a rate −Hbr.
The cooling rates here have been defined with a nega-
tive sign so that all quantities denoted by H contribute
positively to any temperature change. Expressions for all
of these rates can be found in Ref. [40]. They are explic-
itly dependent on the ionization fraction of all three of
9 We do not set T˙ (0)m = 0, since both adiabatic cooling and Comp-
ton scattering off the CMB remain active during reionization.
the relevant species, namely xHI, xHeI and xHeII. The full
expressions for the evolution of each of these fractions are
as follows:
x˙HII =xHI
(
ΓionγHI + neΓ
ion
eHI
)− xHIIneαA,HI ,
x˙HeII =xHeI
(
ΓionγHeI + neΓ
ion
eHeI
)
+ xHeIIIneαA,HeIII
− xHeII
(
ΓionγHeII + neΓ
ion
eHeII + neαA,HeII
)
,
x˙HeIII =xHeII
(
ΓionγHeII + neΓ
ion
eHeII − xHeIIIneαA,HeIII
)
,
(51)
with the temperature evolution given by
T˙ rem =
2
3(1 + FHe + xe)nH
×
∑
X
(HioneX +HrecX +HexceX +Hbr) . (52)
Instead of specifying a full reionization model, the user
may also choose the simpler alternative of fixing the value
of xHII and xHeII as a function of redshift once reion-
ization begins, and integrate the temperature evolution
alone instead. We note that this approach is not self-
consistent, since fixing the ionization levels forces us to
neglect any additional contribution to ionization from ex-
otic energy injection sources. However, if the contribu-
tion to ionization is known to be small, this can serve as
a useful approximation.
3. Numerical Integration
To ensure that ionization fractions always remain ap-
propriately bounded during integration, we introduce the
variable
ζi ≡ arctanh
[
2
χi
(
ni
nH
− χi
2
)]
, (53)
where χi = 1 for HI and χi = FHe for HeI and HeII.
This transformed equation is then integrated using the
standard odeint integrator provided by SciPy.
At early times, the equations we are integrating are
very stiff, and solving them directly with numerical in-
tegration can often run into difficulties. We therefore
assume that when xHII > 0.99 or xHeII > 0.99FHe, either
variable follows their Saha equilibrium values.
In Sec. VD, we will show several thermal and ioniza-
tion histories that showcase DarkHistory’s capabilities
in tracking the helium ionization level, exotic energy in-
jection and reionization all at the same time.
IV. MODULES
In this section we summarize the main modules in
DarkHistory. We will pay particular attention to the
modules shown in the flow chart in Fig. 1, and as
far as possible provide links between the code and the
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text. Keep in mind that this is not a complete list
and that it is subject to change in future versions of
the code. There is more thorough documentation in
DarkHistory itself that will be periodically updated at
https://darkhistory.readthedocs.io, and will contain a
more complete explanation of the code. In the interest
of space, we only provide the full path of each module in
the code when it is mentioned for the first time.
A. Data
First, the user must download the data files found
at https://doi.org/10.7910/DVN/DUOUWA. These files
contain the photon propagation transfer function Pγ and
deposition transfer functions Dγ , De and D
high
c , which
have all been precomputed as discussed above. They also
contain transfer functions for ICS calculations discussed
in Appendix A, structure formation annihilation boost
factors computed in Ref. [5], the baseline thermal and
ionization histories, data from pppc4dmid [23] and fc(z)
computed without backreaction for DM annihilation and
decay, where photons and e+e− are injected at a fixed
set of energies.
B. config
The config module contains the code required to ac-
cess the downloaded data, and to store them in memory
for use. Users should ensure that the variable data_path
points to the directory containing the data files.
C. main
The main module contains the function that imple-
ments the loop shown in Fig. 1, evolve(). The usage of
this function will be discussed in great detail in Sec. V.
D. darkhistory.physics
This module contains physical constants and useful
functions found in cosmology, particle physics and atomic
physics. We use units of cm for length, s for time
and eV for energy, mass and temperature. Some ex-
amples of functions that are included in this module in-
clude the Hubble parameter as a function of redshift,
physics.hubble(), and the Peebles-C factor C found in
Eq. (1), physics.peebles_C(). Constants provided in
this module are taken from central values of the Planck
2018 TT,TE,EE+lowE results [41] and the Particle Data
Group review of particle physics [42].
E. darkhistory.electrons
The electrons module contains all of the functions
necessary to perform the electron cooling calculation.
The positronium submodule contains functions that re-
turn the spectrum of photons obtained during positron-
ium annihilation, which we denoted as N
pos
γ in Eq. (21);
Example 7 demonstrates how to use this module. The
ics submodule contains all of the machinery necessary
to compute the ICS scattered photon and electron spec-
tra; for more details on how to use this submodule, refer
to Example 4 in the code.
elec_cooling contains the code necessary to compute
the transfer functions Rc, TICS and Te, as defined in
Eqs. (13), (16) and (17) respectively; Example 6 shows
how this module is used.
F. darkhistory.history
This module contains our implementation of the TLA
and reionization. The submodule tla corresponds to
Sec. II where the function get_history implements the
TLA, including all of the terms discussed in Eqs. (6) and
Eqs. (50)–(52). The submodule reionization contains
the Puchwein+ reionization model, and contains all of
the coefficients found in Eqs. (51) and (52).
G. darkhistory.low_energy
This module calculates fc(z). The lowE_photons and
lowE_electrons submodules correspond to Sec. III F 1
and Sec. III F 2, respectively, implementing Eqs. (39)–
(43) and Eq. (45) respectively. The lowE_deposition
submodule then combines the energy deposited by pho-
tons, electrons (including photoionized electrons) and
high-energy deposition to make fc(z,x).
H. darkhistory.spec
This module contains functions for handling and gen-
erating spectra and transfer functions. All one dimen-
sional spectra in the code can be handled using the class
Spectrum, which stores not just the data of the spec-
trum, but also the abscissa, and other relevant informa-
tion like redshift or the injection energy of the particle
that produced the spectrum. This class includes many
convenience functions, such as the ability to rebin the
spectrum into a new binning while conserving total num-
ber and energy, or the ability to quickly obtain the total
number of particles within some energy range. Example
1 in our code gives a quick introduction to this class.
The user may also want to store closely related spectra
in one object. This may be desirable for spectra of the
same particle type over different redshifts, or if they cor-
respond to spectra from the same injected particle but at
16
different injection energies. The class Spectra has been
written to do exactly this. Example 2 provides a good
overview of what this class can do.
I. darkhistory.spec.pppc
Within the spec module, a dedicated submodule pppc
has been written to calculate the electron and photon
spectra from the injection of any arbitrary Standard
Model particle, based on the pppc4dmid results. The
function pppc.get_pppc_spec() is the main function to
use for this end. See Example 4 for more information on
how to use this function.
V. USING THE CODE
We will now apply DarkHistory to perform a variety of
calculations in order to highlight the key functionalities
of the code. Each of the subsections corresponds to an
example Jupyter notebook that has been provided as part
of the code; the user should refer to these examples for a
deeper look at the full capability of the code, as well as to
the online documentation. In this paper, we will simply
highlight capabilities and interesting physics results.
Within the code and in this section, the word “redshift”
and variables that represent redshift (usually called rs
in the code) refer to the quantity 1 + z, since this is the
physically relevant quantity in many cosmological calcu-
lations.
A. A Simple Model: χχ→ bb¯
As a first example, we will demonstrate how to com-
pute the ionization and thermal history of a simple anni-
hilation model. Consider a 50 GeV Majorana fermion
DM particle that undergoes s-wave annihilation to a
pair of bb quarks, with an annihilation cross section
〈σv〉 = 2× 10−26 cm3 s−1, close to the required ther-
mal freezeout cross section for the correct relic abun-
dance. Similar models have been considered as a possible
dark matter explanation for the galactic center excess [43]
and the AMS-02 antiproton excess [44, 45]. We perform
the calculation in a relatively simplified setting: with no
reionization, no backreaction included, but with a boost
to the annihilation rate from structure formation. For
more details, see Example 9 in the code.
The function that we use to compute histories is
main.evolve(). There are many keyword parameters
that can be used with this function, and the user should
refer to the example notebooks and the online documen-
tation for more information. To find the thermal history
for this model, evolve() can be called in the following
fashion:
import main
import darkhistory.physics as phys
bbbar_noBR = main.evolve(
DM_process=’swave’, mDM=50e9,
sigmav=2e-26,
primary=’b’, start_rs=3000.,
coarsen_factor=32, backreaction=False,
struct_boost=phys.struct_boost_func()
)
The keyword parameters are as follows:
1. DM_process=’swave’ – specifies the DM process
of interest. Currently, DarkHistory can han-
dle s-wave annihilating and decaying DM models
(DM_process=’decay’) with this keyword;
2. mDM=50e9 – specifies the DM mass, in eV;
3. sigmav=2e-26 – specifies the velocity averaged an-
nihilation cross section, in cm3 s−1;
4. primary=’b’ – specifies the annihilation chan-
nel. The options include all of those offered by
pppc4dmid [23], and the spectra are extracted
from the raw data provided by the cookbook. The
e+e− and photon spectra from the showering of a
single bb pair are shown in Fig. 2. These are pro-
portional to the injection spectra Nαinj defined in
Sec. III C, and can be generated using the function
pppc.get_pppc_spec();
5. start_rs=3000 – the redshift at which to start the
evaluation. 1 + z = 3000 is the highest redshift at
which we have produced the photon cooling trans-
fer functions, and represents the highest redshift
that should be specified here. In this example,
start_rs fixes the initial conditions of the TLA in
Eq. (1) at the baseline ionization and temperature
values at this redshift;
6. coarsen_factor=32 – the coarsening factor, de-
fined in Sec. III E 3. For a comparison between
solutions with different coarsening factors, see Ap-
pendix C;
7. backreaction=False – this turns backreaction on
and off; and
8. struct_boost=phys.struct_boost_func() – the
structure formation prescription to use. Once dark
matter halos start to collapse, the annihilation rate
gets enhanced by the factor
1 + B(z) ≡ 〈ρ
2
χ〉
〈ρχ〉2 (54)
compared to the smooth annihilation rate shown
in Eq. (3). Here, struct_boost is a function that
takes redshift as the argument, and returns 1+B(z).
The user can make use of the structure formation
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FIG. 2. Photon (left) and e+e− (right) spectra produced by a single annihilation event, χχ → bb, with mχ = 50 GeV. These
spectra are based on the raw data provided by pppc4dmid.
boosts that are saved by default in DarkHistory
in the physics module, which include the boost
factors computed in Ref. [5], and is used as the
default boost factor by struct_boost_func().
By default, the solver integrates the equations down
to 1 + z = 4, and will not evolve the helium ioniza-
tion levels. These choices can of course be changed with
other keyword parameters. Note that the function is not
limited to DM processes or pppc4dmid spectra; other
keyword parameters allow the user to specify their own
injection rates as a function of redshift (see the docu-
mentation for the keyword parameters rate_func_N and
rate_func_eng), along with the spectra of photons and
e+e− injected (see the documentation for the keyword
parameters in_spec_elec and in_spec_phot).
The output of evolve(), stored in bbbar_noBR, is a
dictionary containing the redshift abscissa of the solu-
tions, the ionization and temperature solutions, the prop-
agating photon, low-energy photon and low-energy elec-
tron spectra, and the computed value of fc(z). To access
the redshift, ionization and temperature, we can simply
do:
# Redshift abscissa.
rs_vec = bbbar_noBR[’rs’]
# Matter temperature in eV.
Tm_vec = bbbar_noBR[’Tm’]
# Ionization fraction.
# Stored as 1+z by {xHII, xHeII, xHeIII}.
xHII_vec = bbbar_noBR[’x’][:,0]
In Fig. 3 we plot Tm and xHII as a function of red-
shift for the χχ → bb¯ model. For DM masses above
& 10 GeV, values of 〈σv〉 required for thermal freezeout
are unconstrained by the CMB anisotropy power spec-
trum energy injection constraints: the ionization frac-
tion, which changes by approximately 25% only at high
redshifts, does not change enough to affect the power
spectrum significantly. The sudden increase in ioniza-
tion and temperature at z ∼ 30 corresponds to an in-
crease in the boost factor used (halos with an Einasto
profile with halo substructure boost included [5], found
in physics.struct_boost_func()).
We also show in Fig. 3 for completeness the effect of
turning on backreaction, i.e. including the effect of the
increased ionization level on the evolution of the ioniza-
tion and thermal histories. This is conveniently done by
setting backreaction=True. In this particular example,
the effect of backreaction is small, but we will show more
scenarios where backreaction has large effect on Tm, and
explain why this can be significant in the next example.
B. Backreaction
Let us explore the effects of backreaction a bit
more using some of the code found in Example 10
of DarkHistory. As was described in Sec II, one of
DarkHistory’s main improvements to ionization and
temperature history calculations is its ability to include
the effects of back-reaction. To see its importance, con-
sider the example of 100 MeV dark matter decaying to a
pair of e+e−, with a lifetime of τ = 3× 1025 s, a value
that is close to the minimum lifetime allowed by con-
straints from the CMB power spectrum [3]. The ioniza-
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FIG. 3. Matter temperature Tm (left) and hydrogen ionization fraction xHII (right) solved in the presence of dark matter anni-
hilation into bb¯ pairs using DarkHistory . Eq. 6 is solved without dark matter energy injection to produce the baseline histories
(black, dashed), with energy injection but without backreaction (blue), and with dark matter annihilation and backreaction
(orange). We assume a dark matter mass of 50 GeV and a velocity averaged annihilation cross section of 2× 10−26 cm3 s−1.
tion and thermal histories can be evaluated in this way:
decay_BR = main.evolve(
DM_process=’decay’, mDM=1e8, lifetime=3e25,
primary=’elec_delta’, start_rs=3000.,
coarsen_factor=16, backreaction=True
)
The new keywords here are:
1. DM_process=’decay’ – specifies the DM process of
interest to be decays;
2. lifetime=3e25 – specifies the decay lifetime in sec-
onds; and
3. primary=’elec_delta’ – the primary channel op-
tions ’elec_delta’ and ’phot_delta’ can be
used to inject an e+e− and γγ pair respectively,
with no electroweak corrections applied.
To do the calculation without backreaction, we
can simply set backreaction=False. However, with
primary=’elec_delta’ or ’phot_delta’, DarkHistory
can instead rely on tabulated results of fc(z) for these
two channels, using the same method based on results
from Ref. [30], to calculate the ionization and thermal
histories without evolving the input spectrum, leading
to a significant speed-up. This can be done using the
function tla.get_history():
import numpy as np
from darkhistory.tla import get_history
# get_history takes a redshift vector:
rs_vec = np.flipud(np.arange(5, 3000, 0.1))
result = get_history(
rs_vec, baseline_f=True, mDM=1e8,
lifetime=3e25, DM_process=’decay’,
inj_particle=’elec_delta’
)
with the following parameters:
1. rs_vec – the redshift vector, ordered from high to
low, over which the temperature and ionization his-
tories are to be evaluated;
2. baseline_f=True – this tells the code to use the
baseline fc(z) computed by DarkHistory without
backreaction. As we discussed in Sec. III F, these
fc(z) agree with those computed in Ref. [30] to
within 10%, and
3. inj_particle=’elec_delta’ – used to specify one
of two options ’elec_delta’ or ’phot_delta’.
The output result is an array of shape (len
(rs_vec), 4), with the second dimension indexing
{Tm, xHII, xHeII, xHeIII}. The temperature (in eV) can
be accessed through T_m = results[-1,0].
Although only the fc(z) values for the injection for
an e+e− and γγ pair have been saved for use with
DarkHistory, the fc(z) for any arbitrary channel can be
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FIG. 4. Temperature (left) and ionization (right) histories including the effects of dark matter decay to electrons and positrons.
We choose a lifetime of 3× 1025 s, which is consistent with the CMB constraints from Ref. [3]. We plot the baseline histories
(black, dashed), the histories including dark matter energy injection but not backreaction (blue), and the histories including
energy injection and backreaction (orange). These plots are a single vertical slice of the contour plots in Fig. 5. Additionally,
these plots constitute a cross-check on DarkHistory, as they agree well with similar results obtained in Ref. [5].
computed from a weighted average of the electron and
photon results [30]. We stress once again, however, that
this can only be done assuming no backreaction.
The histories are shown in Fig 4, with and without
backreaction turned on. First, even though the ionization
level at z ∼ 10 is three orders of magnitude larger than
the baseline, such a scenario is actually still consistent
with the CMB power spectrum constraints, owing to the
fact that the ionization build-up occurs relatively late:
the CMB constraints are sensitive to changes in xe near
recombination, and become less sensitive at later times.
Comparing the temperature histories with and without
backreaction, we see that the main effect of this increase
in xe on the energy deposition processes is to increase
energy deposition into heating. Ionization and excita-
tion rates depend on the neutral fraction, which is still
close to 100% even with energy deposition from DM.
However, the energy rate into Coulomb heating is pro-
portional to xe, so taking into account the significantly
elevated xe values leads to higher temperature levels. By
about z ∼ 10, Tm with backreaction is larger than with-
out backreaction by a factor of ∼ 4, with the difference
continuing to grow. Neglecting backreaction therefore
leads to a severe underestimate of Tm, and including this
effect consistently will certainly be important in under-
standing what measurements of Tm at z ' 20 through
the 21-cm signal or the Lyman-α power spectrum can
tell us about exotic sources of energy injection.
We can perform the calculation over a range of DM
masses by looping over values of mDM. For each value of
mχ, we select the minimum lifetime τ which is consistent
with the CMB power spectrum constraints, and com-
pare the difference between the temperature history with
backreaction (Tm,BR) and without (Tm,0) by computing
the fractional change in temperature,
δTm
Tm,0
(mχ, z) =
Tm,BR(mχ, z)− Tm,0(mχ, z)
Tm,0(mχ, z)
. (55)
In Fig 5 we plot this variable over a range of redshifts
and dark matter masses for this particular channel (χ→
e+e−), but also for decay and annihilation into e+e− and
γγ, taking the maximum 〈σv〉 again allowed by the CMB
power spectrum constraints. At a redshift of z ∼ 17 near
the end of the cosmic dark ages, δTm/Tm,0 ∼ 100% (i.e.
Tm with backreaction is a factor of 2 larger than without)
or more can easily be obtained. Even larger deviations
are possible at lower redshifts, depending on the channel
under consideration.
C. 21-cm Sensitivity
The global 21-cm signal is a measurement of the sky-
averaged differential brightness temperature T21 with re-
spect to the background radiation. Measurements of this
signal would open a window into the ionization and tem-
perature histories of the universe at the cosmic dawn (see
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FIG. 5. Contour plots of the fractional change in temperature δTm/Tm,0 caused by including the effects of backreaction, as a
function of dark matter mass and redshift (See Eq. (55)). For each dark matter mass, we choose the minimum τ or maximum
〈σv〉 allowed by current CMB power spectrum constraints [3, 30].
e.g. Ref. [46] for a review of 21-cm cosmology). A first
claim of such a measurement has already been made by
the EDGES collaboration [47]. The brightness temper-
ature of the 21-cm hydrogen absorption line relative to
the background radiation temperature is given by [46]:
T21 ≈ xHI(z)
(
0.15
Ωm
)1/2(
Ωbh
0.02
)
×
(
1 + z
10
)1/2 [
1− TR(z)
TS(z)
]
23 mK , (56)
where Ωb is the baryon energy density today as a fraction
of the critical density, h is the Hubble parameter today in
km s−1 Mpc−1, TR is the background radiation temper-
ature (typically assumed to be the CMB temperature)
and TS is the spin temperature of neutral hydrogen as a
function of redshift, which determines the relative pop-
ulation of neutral hydrogen in the two hyperfine states.
Due to the presence of an intense Lyman-α radiation field
once stars begin to form, it is expected that TS ≈ Tm at
the cosmic dawn. This fact allows us to turn the 21-
cm global signal into a limit on Tm itself, assuming that
TR = TCMB.
We will focus on 1 + z ≈ 18, roughly the central value
of the absorption trough measured by EDGES [47]. At
this redshift, almost all hydrogen is neutral, i.e. xHI ≈ 1,
and we can invert Eq. (56) to find TS as a function of
T21. Since Tm < TS , this yields the bound
Tm(z = 17) <
(
1− T21
35 mK
)−1
49 K . (57)
This temperature bound in turn puts a limit on the DM
decay lifetime or cross-section because too much dark
matter decay/annihilation would heat up Tm past this
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FIG. 6. The minimum dark matter decay lifetime (top row) and maximum annihilation cross section (bottom row) bounds,
derived from the global 21-cm signal. We assume a differential 21-cm brightness temperature of T21 = −50 mK, corresponding
to a maximum Tm of about 20.3 K at z ∼ 17. We consider decay and annihilation into γγ (left column) and e+e− (right
column) and compute the bounds with (orange, solid) and without (purple, dashed) backreaction.
point.
In contrast to the CMB power spectrum energy injec-
tion bounds, which is most sensitive to changes in xe
around the time of recombination, the 21-cm global sig-
nal constraints are more sensitive to energy injection pro-
cesses that are more active at late times, and are depen-
dent primarily on Tm instead. Since Tm is significantly
impacted by including the effects of backreaction, the cal-
culation performed by DarkHistory becomes important
for setting accurate constraints using the 21-cm global
signal.
To illustrate this, we perform a simple sensitivity
study by obtaining the constraints for a measured T21 of
−50 mK, and compare the constraints with and without
backreaction taken into account. Although this value of
T21 is inconsistent with the EDGES experiment, it is im-
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possible to interpret the EDGES result without propos-
ing new physics that may be at play during the cosmic
dark ages [7], which is a more complicated task and less
relevant to helping users understand the code. The fol-
lowing analysis is worked out in more detail within the
code in Example 11.
T21 = −50 mK means that we require Tm < 20.3 K
according to Eq. (57). We once again scan over a grid
of dark matter masses and lifetimes/cross-sections decay-
ing/annihilating into e+e− and γγ, using get_history()
for the case with no backreaction and evolve() for the
case with backreaction, as explained in the previous sec-
tion, to find where in parameter space dark matter energy
injection leads to a violation of Eq. (57).
The resulting exclusion plots are shown in Fig. 6. We
see that in each case the calculation with backreaction
can be between 10%-50% stronger than without back-
reaction, which we would expect because backreaction
leads to larger temperatures. We emphasize that this is
the result for just one chosen value of T21; for larger (less
negative) T21, we expect that the importance of back-
reaction will increase, since the energy injection is less
constrained, allowing for larger values of xe.
D. Helium, Dark Matter and Reionization
Finally, we will take a closer look at the different op-
tions one can use within the code to evaluate tempera-
ture and ionization histories. Throughout this section,
we will demonstrate these different options mostly using
get_history(), but similar options are also available in
evolve(), which calls get_history() with all of the rel-
evant options provided. We refer the reader to the online
documentation and to Example 8 in the code for more
details.
Without any exotic energy injection or any reioniza-
tion, the function get_history() accepts a redshift vec-
tor, and simply returns the baseline ionization and tem-
perature histories, obtained by solving Eq. (6):
import numpy as np
from darkhistory.tla import get_history
# Redshift vector in decreasing order.
rs_vec = np.flipud(np.arange(1., 3000., 0.1))
soln_baseline = get_history(rs_vec)
Turning on helium evolution within get_history() is
controlled by the flag helium_TLA, i.e.
soln_He = get_history(rs_vec,helium_TLA=True)
Fig. 7 shows the solution to Eq. (1) with just the “(0)”
terms, i.e. without any energy injection or reionization,
and compares that solution to one with Eq. (50) added as
well. This is simply the standard ionization history with
helium recombination (z ∼ 1800) and hydrogen recombi-
nation (z ∼ 1100), eventually leading to the residual ion-
ization fraction at redshifts well below hydrogen recombi-
nation of about xe ∼ 2× 10−4. The inset of Fig. 7 shows
that DarkHistory is able to correctly reproduce helium
recombination; the entire ionization history agrees with
RECFAST results at the central cosmological parameters
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(blue), nHeII/nHe (orange) and nHeIII/nHe (green) are shown as well. These results agree very well with the same plots shown
in Ref. [38].
used by DarkHistory to within ∼ 3%. We recommend
that helium ionization levels are tracked when used in
combination with reionization.
The next important option is whether to include the
effects of reionization. This option is controlled by the
flag reion_switch:
soln_default_reion = get_history(
rs_vec, helium_TLA=True, reion_switch=True
)
With no other options set, setting reion_switch to True
causes DarkHistory to use the standard reionization
model, which is based on the photoionization and pho-
toheating rates provided in [38]. Fig. 8 shows the IGM
temperature as well as the ionization levels of the dif-
ferent atomic species as a function of redshift. Both of
these results agree well with the same result shown in
Ref. [38]. Reionization of hydrogen and neutral helium
is complete by about z ∼ 6; soon after, HeII starts to
become doubly ionized, leading to a decrease in nHeII
and a corresponding increase in nHeIII. Dips in Tm corre-
spond to a decrease in photoheating rates once a species
becomes completely ionized and the production of high-
energy electrons from photoionization off these species
ceases.
Aside from the default reionization model, the user
may also supply their own reionization models in two
different ways: by either providing their own photoion-
ization and photoheating rates on each atomic species
(e.g. based on a model that is different from the default,
e.g. [39]), or by fixing the ionization history below a cer-
tain redshift, e.g. with a tanh model [48, 49]. We leave
a discussion of how to use these options to Example 8 in
the code.
With the ability to include both helium and reioniza-
tion, we can now add a new source of energy injection
and compute the effects on ionization and temperature
levels. We remind the reader that this means we are solv-
ing Eq. (6) together with Eq. (50). This is accomplished
in the code with both reion_switch and helium_TLA
set to True, and supplying the same keyword parameters
used to inject energy from DM shown in Sec. VB. We
can add decaying DM with mass 100 MeV into an e+e−
pair with a lifetime of 3× 1025 s, like so (using evolve()
in this example):
main.evolve(
DM_process=’decay’, mDM=1e8,
lifetime=3e25, primary=’elec_delta’,
start_rs=3000., coarsen_factor=1,
backreaction=True, helium_TLA=True,
reion_switch=True
)
By turning on and off the various flags backreaction,
helium_TLA and reion_switch, we can produce histories
including or excluding these various effects.
The results from different combinations of these
switches are summarized in Fig. 9. The dashed lines
shows the histories with DM decay only, and illustrates
the significant difference that can arise after taking into
24
5 10 15 20
Redshift (1+z)
0
5000
10000
15000
20000
25000
M
at
te
r
Te
m
pe
ra
tu
re
T m
[K
]
χ→ e+e−, mχ = 100 MeV
τ = 3× 1025 s
Temperature History
Dark Matter
DM+Backreaction
Reionization
Reion.+DM
Reion.+DM+Backreaction
5 10 15 20
Redshift (1+z)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Io
ni
za
ti
on
Fr
ac
ti
on
x H
II
χ→ e+e−, mχ = 100 MeV
τ = 3× 1025 s
Ionization History
Dark Matter
DM+Backreaction
Reionization
Reion.+DM
Reion.+DM+Backreaction
FIG. 9. Temperature (left) and hydrogen ionization (right) history of the universe with DM decay and the default reionization
model. The DM has a mass of mχ = 100 MeV and decays to e+e− with a lifetime of 3× 1025 s. The temperature and ionization
with DM decay alone is shown without (blue, dotted) and with (orange, dotted) backreaction included. The combined effect of
DM decay and reionization without (green) and with (red) backreaction can be compared to the reference reionization model
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account backreaction, which we have already seen in
Fig. 4. Combining the DM energy injection with the
reionization model gives the solid lines in Fig. 9. These
curves should be compared to the default reionization
model temperature and ionization histories, shown in the
black, dashed lines. When computing the DM energy
deposition without taking into account backreaction, we
find that the amount of energy deposited into heating
from DM is much smaller than heating from reionization
processes once they begin in earnest, and so adding the
DM decays on top of reionization produces only a small
perturbation in the temperature history relative to Tm
for just the reionization model alone. In some cases, the
addition of DM actually decreases Tm: this can happen
due to reionization proceeding at a faster rate, leaving
fewer atoms to photoionize and thus suppressing photo-
heating.
It is clear, however, that neglecting backreaction leads
to a severe underestimation of the energy deposition into
heating. Performing the full calculation with DM, reion-
ization and backreaction correctly accounted for pro-
duces the line in red, which shows that the addition
of DM significantly increases Tm compared to both the
reionization model and the case where DM energy deposi-
tion is added without backreaction. Reionization greatly
enhances the energy deposition rate into heating of the
IGM by increasing the number of free charged particles
available for Coulomb heating, and properly accounting
for backreaction using DarkHistory is critical to predict-
ing the IGM temperature growth due to energy injection
once reionization begins.
VI. CONCLUSION
We have developed and made public a new code
package for mapping out the effects of arbitrary ex-
otic energy injections — including dark matter anni-
hilation and decay to arbitrary Standard Model final
states — on the temperature and ionization history of
the early universe. DarkHistory is capable of self-
consistently including the effects of conventional astro-
physical sources of ionization and heating, and of in-
cluding feedback effects that can significantly enhance
the degree of heating. Additionally, the ICS module
can be employed independently of the rest of the code,
as an accurate and efficient numerical calculator of ICS
across a very wide range of electron and photon ener-
gies. We have outlined here a number of worked exam-
ples, and provide more examples with the online code at
https://github.com/hongwanliu/DarkHistory.
DarkHistory has a modular framework and can in the
future be improved in several different directions, while
keeping the same underlying structure. In this first ver-
sion we have focused on the homogeneous signal, and ne-
glected the possible effect of new radiation backgrounds
and/or gas inhomogeneities on the cascade of secondaries
produced by injected high-energy particles. Such effects
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may become important in the late cosmic dark ages and
the epoch of reionization. The spectrum of low-energy
photons produced by energy injection, and the result-
ing distortion to the spectrum of the CMB, is a possi-
ble observable in its own right; the current version of
DarkHistory provides only a partial calculation of this
spectral distortion, due to our approximate treatment of
low-energy electrons, but we intend to improve this as-
pect in future work. The effects of other new physics
on the temperature/ionization evolution – in particular,
scattering between baryons and DM – can be incorpo-
rated within the same framework. We also intend to
explore the possibility of interfacing DarkHistory with
existing public codes for computing the recombination
history, perturbations to the CMB, and 21cm signals.
The tools we have developed in this work can be used
to understand the visible imprints of exotic energy injec-
tions that could appear in the CMB and the 21cm line of
neutral hydrogen, and hence to place precise constraints
on dark matter annihilation and decay. We hope they
will help pave the way for a comprehensive description
of the ways in which dark matter interactions, and other
physics beyond the Standard Model, could reshape the
early history of our cosmos.
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Appendix A: Inverse Compton Scattering
In this appendix, we discuss in detail the methods used
to compute the spectra of photons that are produced by
the cooling of electrons through ICS. We restore ~, c and
kB in this appendix, since the exact numerical value of
these spectra is important.
1. Scattered Spectra
We begin with some preliminaries that will be impor-
tant in understanding our subsequent discussion of ICS.
The goal is to determine the secondary photon spectrum
produced on average by multiple scatterings of a single
electron.
Consider an electron with energy Ee and corresponding
Lorentz factor γ incident on some distribution of photons
n() with initial energy  in the comoving frame. Since we
are only interested in ICS off the CMB, we will only con-
sider an isotropic photon bath in the co-moving frame,
distributed as a blackbody with some temperature T .
The electron has some probability per unit time of scat-
tering the photons into some outgoing energy 1, with
some probability distribution dNγ/(d d1 dt), which we
call the “differential scattered photon spectrum”. This
quantity is proportional to the number density per unit
energy of the photon bath n(), so that integrating over
 also integrates over the distribution of these photons.
This can be interpreted as a normalized scattered photon
spectrum for ICS by many electrons with the same en-
ergy. Integrating the differential scattered photon spec-
trum with respect to  gives us the “scattered photon
spectrum”,
dNγ
d1 dt
(Ee, T, 1) =
∫ max
min
d
dNγ
d d1 dt
(Ee, T, , 1) , (A1)
with min and max determined by the kinematics of ICS.
We further define the “scattered photon energy loss
spectrum”,
dNγ
d∆ dt
(Ee, T,∆) =
∫
d
dNγ
d d1 dt
(Ee, T, , 1 = + ∆),
(A2)
where ∆ is the change in energy of a photon scattering
by a single electron. This is simply the distribution of
scattered photons as a function of the energy gained or
lost by the photon during the scattering.
Now, consider some arbitrary injection spectrum of
electrons dN˜e/dE1. The tilde serves to remind the reader
that this is a distribution of electrons, and not a normal-
ized quantity. From the definition of Eq. (A2), we define
the “scattered electron spectrum” as
dN˜e
dE1 dt
=
∫ ∞
0
dE
dN˜e
dE
dNγ
d∆ dt
(E, T,∆ = E − E1) , (A3)
where E1 is the energy of the scattered electron. How-
ever, this result allows some electrons to gain energy
after scattering, significantly complicating our calcula-
tions. Intuitively, we expect electrons that upscatter
from E → E1 to partially cancel with downscatters from
E1 − E, justifying an approximate treatment where we
simply cancel out photons that downscatter (and upscat-
ters an electron) with photons that upscatter (and down-
scatters an electron). We leave a full justification of this
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to the end of this section, but for now, we will accordingly
define the “scattered electron net energy loss spectrum”,
dNe
d∆ dt
(β, T,∆) =
dNγ
d∆ dt
(β, T,∆)− dNγ
d∆ dt
(β, T,−∆),
(A4)
with ∆ ≥ 0 in the expression above. For relativistic
electrons, the average energy lost due to an upscattering
a photon is much larger than the average energy gained
due to downscattering a photon, and it is therefore a good
approximation to consider only scattering events where
electrons lose their energy [53]. The upscattered photons
also have outgoing energy 1  , and so a reasonable
approximation to make in the relativistic limit is
dNe
d∆ dt
∣∣∣∣
β→1
≈ dNγ
d1 dt
∣∣∣∣
β→1
. (A5)
Now we can turn our attention to justifying the ap-
proximation laid out in Eq. (A4). First, we split the
exact integral in Eq. (A3) into an integral from 0 to E1,
and from E1 to∞. The first integral can be rewritten as
(dropping the T dependence for clarity)∫ E1
0
dE
dN˜e
dE
dNγ
d∆ dt
(E,∆ = E − E1)
= −
∫ 2E1
E1
dx
dN˜
dx
dNγ
d∆ dt
(E = 2E1 − x,∆ = E1 − x) ,
(A6)
where we have simply made the substitution x = 2E1−E.
In this part of the integral, we are dealing with upscat-
tered electrons and downscattered photons, and so we
know that dNγ/(d∆ dt) only has support when E−E1 ∼
TCMB  E,E1, since ICS is only included for electrons
with E > 3 keV [30]. This implies that the integral only
has support near x = E1, and we can therefore make the
following approximation:∫ E1
0
dE
dN˜e
dE
dNγ
d∆ dt
(E,∆ = E − E1)
≈ −
∫ ∞
E1
dx
dN˜e
dx
dNγ
d∆ dt
(E = x,∆ = E1 − x)
= −
∫ ∞
E1
dE
dN˜e
dE
dNγ
d∆ dt
(E,∆ = E1 − E) , (A7)
where in the last step we have trivially relabeled x→ E.
We have therefore shown that
dN˜ ′e
dE1 dt
≈−
∫ ∞
E1
dE
dN˜e
dE
dNγ
d∆ dt
(E,∆ = E1 − E)
+
∫ ∞
E1
dE
dN˜e
dE
dNγ
d∆ dt
(E,∆ = E − E1) ,
(A8)
and that is a good approximation due to the relatively
low temperature of the CMB.
With these definitions in mind, we are now ready to
understand how to compute these scattered spectra when
the electron is in two limits. For γ > 20, the spectra
are computed in the relativistic limit, while below that,
scattering with the CMB at all relevant redshifts lie well
within the Thomson regime. Together, they cover all
relevant kinematic regimes that we consider in our code.
a. Relativistic Electrons
The differential upscattered photon spectrum pro-
duced by ICS between an electron and the CMB black-
body spectrum in the relativistic regime (γ  1) is given
by [53]
dNγ
d d1 dt
=
2pir20c
γ2
n(, T )

[
2q log q + (1 + 2q)(1− q)
+
1
2
(Γ()q)2
1 + Γ()q
(1− q)
]
, (A9)
where r0 is the classical electron radius,me is the electron
mass,  is the incident photon energy in the comoving
frame, and 1 is the scattered photon energy in the same
frame, and we have defined
Γ() =
4γ
mec2
, q =
1
γmec2 − 1
1
Γ()
. (A10)
We stress that Eq. (A9) is strictly only correct when pho-
tons are upscattered by the incoming electron, which cor-
responds to the kinematic regime  ≤ 1 ≤ 4γ2/(1 +
4γ/m). In the opposite regime where /(4γ2) ≤ 1 < 
and photons get downscattered, we have [54]
dNγ
d d1 dt
=
pir20c
2γ4
(
4γ21

− 1
)
n(, T ) . (A11)
For ICS off CMB photons, the n() is the number density
of photons per unit energy; for a blackbody, this is
nBB(, T ) =
1
pi2~3c3
2
exp(/kBT )− 1 , (A12)
where T is the temperature of the CMB.
The complete upscattered photon spectrum for ICS off
the CMB is therefore obtained by performing the integral
in Eq. (A9) over , with the kinematic limits given by
1/4γ2 ≤ q ≤ 1 [53]. Since the CMB photons at z . 3000
have energies less than 1 eV, the amount of energy trans-
ferred by an electron is always completely dominated by
Eq. (A9). Furthermore, one can check that at q = 1/4γ2,
  T . We can therefore make the approximation that
Eq. (A9) gives the full ICS spectrum while neglecting
Eq. (A11), and take the integral limits to be 0 ≤ q ≤ 1
instead. This assumption is made in the ICS transfer
functions provided as part of the downloaded data, but
options are available in the ics module to turn these
various assumptions off.
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The quantity Γ() separates the two kinematic regimes
of Compton scattering: Γ  1 for the Klein-Nishina
regime, where Compton scattering in the electron rest
frame is highly inelastic, and Γ  1 for the Thomson
regime, where it is almost elastic instead.10 Eq. (A9)
applies to both regimes, with the only assumption being
γ  1.
To avoid computing the scattered photon spectrum re-
peatedly in the code, we use the following relation be-
tween spectra at different temperatures:
dNγ
d1 dt
(Ee, yT, 1) = y
4 dNγ
d1 dt
(yEe, T, y1) , (A13)
for any real positive number y, even if yEe is unphysi-
cal.11 In DarkHistory, we evaluate the scattered photon
spectrum at 1+z = 400, and use this relation to compute
the subsequent spectra at lower redshifts by a straight-
forward interpolation.
b. Thomson Regime
In the Thomson regime, the rate at which photons are
scattered is given by [53]
dNγ
dt
= σT cNrad, (A14)
where Nrad is the total number density of incident pho-
tons, with σT = 8pir20/3 being the Thomson cross section.
Note that the scattering rate is independent on the inci-
dent photon energy. The energy loss rate of the electron
is [53]
dEe
dt
=
4
3
σT cγ
2β2Urad, (A15)
where β is the velocity of the electron, with Urad being
the total energy density of the incident photons.
While Eqs. (A14) and (A15) are well-known, the actual
spectrum of scattered photons in the Thomson regime is
much less so. The complete expression for the differential
scattered photon spectrum with no further assumptions
is, as far as the authors know, first given in Ref. [55], and
we reproduce their final result here for completeness. For
10 Although the scattering process is almost elastic in the initial
electron rest frame, it is certainly not elastic in the co-moving
frame. In the co-moving frame, the electron loses a small fraction
of its energy per collision, but each collision can upscatter a CMB
photon by a significant factor.
11 This trick can only be performed by integrating over 0 ≤ q ≤ 1,
and is the key reason for making such an approximation.
(1− β)1/(1 + β) <  < 1, we have
dNγ
d d1 dt
(β, T, , 1)
∣∣∣∣
<1
=
pir20cn(, T )
4β6γ2
{
1
γ4

1
− 1
γ4
21
2
+ (1 + β)
[
β(β2 + 3) +
1
γ2
(9− 4β2)
]
+ (1− β)
[
β(β2 + 3)− 1
γ2
(9− 4β2)
]
1

− 2
γ2
(3− β2)
(
1 +
1

)
log
(
1 + β
1− β

1
)}
, (A16)
and for 1 <  < (1 + β)1/(1− β),
dNγ
d d1 dt
(β, T, , 1)
∣∣∣∣
≥1
= − dNγ
d d1 dt
(−β, T, , 1)
∣∣∣∣
<1
.
(A17)
All other values of  outside of the ranges specified are
kinematically forbidden, and so to find the spectrum, we
need to integrate over  with n() = nBB() in the finite
range specified above, i.e.
dNγ
d1 dt
(β, T, 1) =
∫ 1
1−β
1+β 1
d
dNγ
d d1 dt
(β, T, , 1)
∣∣∣∣
<1
−
∫ 1+β
1−β 1
1
d
dNγ
d d1 dt
(−β, T, , 1)
∣∣∣∣
<1
. (A18)
The relationship between spectra at different tempera-
tures is given by
dNγ
d1 dt
(β, yT, 1) = y
2 dNγ
d1 dt
(β, T, 1/y) . (A19)
The scattered photon energy loss spectrum
dNγ/(d∆ dt) is similarly given by
dNγ
d∆dt
(β, T,∆)
=

∫∞
1−β
2β ∆
d
dNγ
d d1 dt
(β, T, , + ∆)
∣∣∣
<1
, ∆ > 0,∫∞
− 1+β2β ∆ d
dNγ
d d1 dt
(β, T, , + ∆)
∣∣∣
≥1
, ∆ ≤ 0.
(A20)
The relation shown in Eq. (A19) between scattered pho-
ton spectra of different temperatures also holds for the
energy loss spectrum, with 1 → ∆.
2. Numerical Methods
Computationally, to evaluate all of the scattered spec-
tra, we need to perform numerical quadrature over a large
range of electron and scattered photon energies; using a
standard grid of 5000×5000 energy values, the grid would
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take the standard numpy integrator over a day to popu-
late. While a substantial speed-up may be obtained by
using packages like Cython [56], numerical quadrature for
ICS in the Thomson regime is also subject to significant
numerical errors when the electron is nonrelativistic due
to the existence of catastrophic cancellations. A semi-
analytic approach provides both a faster method and a
way to avoid such errors in a robust manner.
a. Thomson and Relativistic Regime: Large β
For β & 0.1, we can obtain the scattered photon spec-
trum in Eq. (A16) in the Thomson regime or Eq. (A9) in
the relativistic regime, as well as the scattered electron
energy loss spectrum in the Thomson regime in Eq. (A4),
by direct integration.
The problem of integrating these expressions reduces
to obtaining an expression for indefinite integrals over
the Bose-Einstein distribution of the form
Pf (y) ≡
∫
f(y) dy
ey − 1 . (A21)
Throughout this appendix, we ignore the constant of in-
tegration for such indefinite integrals, since we will ulti-
mately be taking differences of such expressions to find
definite integrals. For f(y) ≡ yn with integer n ≥ 0, the
indefinite integral is known explicitly:
Pyn(x) = −n!
n∑
s=0
xs
s!
Lin−s+1(e−x) (n = 0, 1, 2, · · · ),
(A22)
where Lim(z) is the polylogarithm function of order m
with argument z (see Appendix A4 for the definition).
Note however that NumPy does not have a numerical
function for the polylogarithm of order m > 2, and so
the semi-analytic method that we describe below is still
necessary for Pyn , n ≥ 2 due to this limitation.
For other functions f(y), closed-form solutions do not
exist. However, an expression for the indefinite integral
as an infinite series can be obtained [57]. Importantly,
more than one series expression exists for all of the inte-
grals Pf (x) of interest in both the relativistic and nonrel-
ativistic regimes, so that it is always possible to find a se-
ries expression that converges quickly for any integration
limit. We tabulate the series expressions already found in
Ref. [57] for completeness, together with the many new
series expressions derived in this paper required for the
nonrelativistic limit in Appendix A 4.
b. Thomson Regime: Small β
In the Thomson regime for β . 0.1, catastrophic can-
cellations between terms in the integral make even the
method described above insufficient. After integrating
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FIG. 10. The ICS scattered photon spectrum in the Thomson
regime, with TCMB = 0.25 eV.
Eq. (A18) over  to get the scattered photon spectrum,
for example, the final result must be O(β0), even though
the prefactor in Eq. (A16) is O(β−6). The integrals of
all of the terms in the curly braces of Eq. (A16) and
their analog from Eq. (A17) must therefore cancel among
themselves to 1 part in β−6; such a computation is im-
possible to perform for β . 0.003 due to floating point
inaccuracy, even with double precision.
We avoid this problem by expanding the scattered pho-
ton spectrum in Eq. (A18) and the mean electron energy
loss spectrum in Eq. (A4). Eq. (A18) can be expanded
straightforwardly in β, but Eq. (A4) must be expanded
in both β and ξ ≡ ∆/T , since catastrophic cancellations
occur when either variable is small. In DarkHistory, we
expand these expressions up to O(β6) and O(ξ6), but the
precision of this calculation is systematically improvable
by adding more terms to the code as desired. The exact
expressions for the expansions, details of their derivations
and several consistency checks for these expressions can
be found in Appendix A4.
3. Results
Figs. 10 and 11 show the scattered photon spectrum
in the Thomson and relativistic regimes respectively as
a function of electron energy, at a CMB temperature of
0.25 eV, corresponding to a redshift of z ≈ 1065 that
is near recombination. By default, DarkHistory transi-
tions between these two limits at γ = 20. Fig. 12 shows
the mean electron energy loss spectrum in the Thomson
regime. Above γ = 20, DarkHistory uses the approxima-
tion shown in Eq. (A5). Finally, the computed secondary
photon spectrum after completely cooling of all electrons
and positrons through ICS is shown in Fig. 13.
All results shown here are computed using a 500 ×
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FIG. 11. The ICS scattered photon spectrum in the relativis-
tic regime, with TCMB = 0.25 eV.
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FIG. 12. The ICS mean electron energy loss spectrum in the
Thomson regime, with TCMB = 0.25 eV.
500 grid of electron and photon energies/energy loss, and
each can be completed under ten seconds on a typical
personal computer.
4. Integrals and Series Expansions
We are now ready to detail the integrals and series ex-
pansions used in the numerical methods described above.
a. Bose Einstein Integrals
Each Pf (x) that is of interest has a series that con-
verges quickly for small values of x, and another that
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FIG. 13. The ICS secondary photon spectrum after complete
cooling of a single electron, with TCMB = 0.25 eV.
converges quickly for large values of x. DarkHistory by
default chooses x = 2 as the value to switch between the
two expressions.
Suppose we approximate the indefinite integral in
Eq. (A21) Pf (x) by the first N terms of its series ex-
pression, which we denote SN (x). Let SsN (x) and S
l
N (x)
be the series expressions we obtain for x < 2 and x ≥ 2
respectively. In all of the cases we are interested in,
SlN→∞(x → ∞) = 0 (with the constant of integration
taken to be zero) due to the exponential function in the
denominator of the original integral, and so
SlN→∞(b > 2) = −
∫ ∞
b
f(y) dy
ey − 1 . (A23)
Then defining ∆Ss,lN (a, b) = S
s,l
N (b)−Ss,lN (a), the definite
integral is evaluated as
∫ b
a
f(y) dy
ey − 1
=

∆SsN→∞(a, b), a < 2, b < 2;
∆SsN→∞(a, 2) + ∆S
l
N→∞(2, b), a < 2, b ≥ 2;
∆SlN→∞(a, b), a ≥ 2, b ≥ 2.
(A24)
Terms are added sequentially until the next contribution
to the full integral falls below a given relative tolerance;
the default value for this tolerance used by DarkHistory
is 10−10.
Before listing the series expressions, we must first intro-
duce some notation that will be relevant. The numbers
and analytic functions defined below are all well-known,
but are often defined with different normalizations or
given different names. We explicitly define all relevant
functions used here for clarity.
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Bn are the Bernoulli numbers, defined through the fol-
lowing exponential generating function:
x
ex − 1 ≡
∞∑
n=0
Bnx
n
n!
, (A25)
with B0,1,2,··· = 1,−1/2, 1/6, · · · . Note that B2j+1 = 0
for all integers j > 0.
Next, we define the generalized exponential integrals
En(x) ≡
∫ ∞
1
e−xt
tn
dt (A26)
and the closely related incomplete gamma function
Γ(n, x) ≡
∫ ∞
x
tn−1e−t dt. (A27)
The polylogarithm of orderm, denoted Lim(z), is defined
as
Lim(z) =
∞∑
k=1
zk
km
. (A28)
Finally, we define 2F1(a, b; c; z), the Gaussian hypergeo-
metric function, as
2F1(a, b; c; z) ≡ 1 + ab
1!c
z +
a(a+ 1)b(b+ 1)
2!c(c+ 1)
z2 + · · ·
=
∞∑
n=0
(a)n(b)n
(c)n
zn
n!
, (A29)
where (x)n ≡ x(x+ 1) · · · (x+ n− 1) is the Pochhammer
symbol. This function only appears in the formR(n, x) ≡
<[2F1(1, n+ 1;n+ 2;x)], where < denotes the real part;
to avoid the slow evaluation of the hyp2f1 function in
NumPy, we use instead the following relation:
R(n, x) ≡ <[2F1(1, n+ 1;n+ 2;x)]
=− (n+ 1)x−(n+1) log (|1− x|)
−
n∑
j=1
n+ 1
j
xj−n−1 . (A30)
The list of all of the series expressions that we use,
including those already derived in [57], are shown in Ta-
bles II and III for x < 2 and x ≥ 2 respectively.
b. Nonrelativistic Thomson Limit: Small Parameter
Expansion
The expression for the scattered photon spectrum in
the Thomson limit, shown in Eq. (A18), can be expanded
in the small β limit, to obtain
dNγ
d1dt1
=
3σT k
2
BT
2
32pi2~3c2
∞∑
n=0
2n∑
j=1
Anβ
2nx31Pn,j(x1)e
−jx1
(1− e−x1)2n+1 ,
(A31)
where x1 = 1/T , An is a constant, and Pj,n(x1) is some
rational or polynomial function in x1. These quantities
are as follows. For n = 0 i.e. O(β0),
A0 =
32
3
, P0,1(x) =
1
x
. (A32)
For n = 1, i.e. O(β2),
A1 =
32
9
, P1,1(x) = x− 4, P1,2(x) = x+ 4 . (A33)
For n = 2, i.e. O(β4),
A2 =
16
225
,
P2,1(x) = 7x
3 − 84x2 + 260x− 200,
P2,2(x) = 77x
3 − 252x2 − 260x+ 600,
P2,3(x) = 77x
3 + 252x2 − 260x− 600,
P2,4(x) = 7x
3 + 84x2 + 260x+ 200, (A34)
and finally for n = 3, i.e. O(β6),
A3 =
16
4725
,
P3,1(x) = 11x
5 − 264x4 + 2142x3
− 7224x2 + 9870x− 4200,
P3,2(x) = 3(209x
5 − 2200x4 + 6426x3
− 2408x2 − 9870x+ 7000),
P3,3(x) = 2(1661x
5 − 5280x4 − 10710x3
+ 28896x2 + 9870x− 21000),
P3,4(x) = 2(1661x
5 + 5280x4 − 10710x3
− 28896x2 + 9870x+ 21000),
P3,5(x) = 3(209x
5 + 2200x4 + 6426x3
+ 2408x2 − 9870x− 7000),
P3,6(x) = 11x
5 + 264x4 + 2142x3
+ 7224x2 + 9870x+ 4200. (A35)
Furthermore, when x1 is small, it becomes numerically
advantageous to expand Eq. (A31) in x1 as well, leaving
a simple polynomial in x1 and β, i.e.
dN1
d1dt1
=
3σT k
2
BT
2
32pi2~3c2
∞∑
n=0
∞∑
j=1
Cn,jβ
2nxj1 . (A36)
The values of Cn,j are shown in Table IV.
Three checks can be performed to verify that this
is indeed the correct expansion in β. First, taking
β → 0, the scattered photon spectrum simply becomes
dNγ/(d1 dt1) = nBB(1, T )σT c, which is exactly the ex-
pected result for Thomson scattering in the rest frame
of the electron: all photons simply scatter elastically at
a rate governed by the Thomson scattering cross sec-
tion, thus remaining in a blackbody distribution. Second,
31
f(y) Pf , x < 2
yn, n ≥ 1
∞∑
k=0
Bkx
k+n
k!(k + n)
y log y x log x− x+
∞∑
k=1
Bkx
k+1
k!(k + 1)
[
log x− 1
k + 1
]
y log(y + a), a > −x
∞∑
k=0
Bkx
k+1
k!(k + 1)
[
log(x+ a) +
R(k,−x/a)
k + 1
− 1
k + 1
]
1 log(1− e−x)
log y
1
2
log2 x+
∞∑
k=1
Bkx
k
k!k
[
log x− 1
k
]
log(y + a), a > 0 log x log a− Li2(−x/a) +
∞∑
k=1
Bkx
k
k!k
[
log(x+ a)− x
a(k + 1)
R(k,−x/a)
]
log(y + a), −x < a < 0 log(−x/a) log(x+ a)− Li2(1 + x/a) +
∞∑
k=1
Bkx
k
k!k
[
log(x+ a)− x
a(k + 1)
R(k,−x/a)
]
1
y + a
, a > −x 1
a
log
(
x
x+ a
)
+
∞∑
k=1
Bkx
k
k!k
[
1
a
− kx
(n+ 1)a2
R(k,−x/a)
]
y−n, n ≥ 1
n−1∑
k=0
Bk
k!
xk−n
k − n +
Bn
n!
log x+
∞∑
k=1
Bk+n
(k + n)!
xk
k
TABLE II. Series expressions for the relevant indefinite integrals of the form shown in Eq. (A21). Here, y is the integration
variable, and x denotes the integration limit of interest. These expressions are used for x < 2.
f(y) Pf , x ≥ 2
(y + a)n, ∀n ∈ Z, a > −x
∞∑
k=1
ekaΓ
(
n+ 1, k(x+ a)
)
kn+1
=
∞∑
k=1
ekaE−n
(
k(x+ a)
)
(x+ a)−k−1
y log(y + a), a > −x
∞∑
k=1
eka
k2
[
(1 + kx)e−k(x+a) log(x+ a) + (1 + kx)E1
(
k(x+ a)
)
+ E2
(
k(x+ a)
)]
log(y + a), a > −x
∞∑
k=1
eka
k
[
e−k(x+a) log(x+ a) + E1
(
k(x+ a)
)]
TABLE III. Series expressions for the relevant indefinite integrals of the form shown in Eq. (A21). Here, y is the integration
variable, and x denotes the integration limit of interest. These expressions are used for x ≥ 2.
a more non-trivial check is to integrate Eq. (A31) with
respect to 1, giving the total Thomson scattering rate
given in Eq. (A14). Since the scattering rate is indepen-
dent of β, the O(β0) term in the series should integrate
to exactly σT cNrad where Nrad is the number density
of the blackbody photons, while the other higher order
terms should integrate to exactly zero. This is indeed the
case for the series expansion shown here. Lastly, one can
check that Eq. (A31) agrees with the energy loss expres-
sion Eq. (A15), by noting that
∫
dNγ
d1 dt1
1 d1 = σT cuBB(T ) +
4
3
σT cβ
2γ2uBB(T ) ,
(A37)
32
Cn,j x1 x
2
1 x
3
1 x
5
1 x
7
1 x
9
1 x
11
1
β0 32/3 -16/3 8/9 -2/135 1/2835 -1/113400 1/4490640
β2 -64/9 0 32/27 -4/45 8/1701 -1/4860 1/124740
β4 -256/225 0 32/27 -296/1125 1208/42525 -64/30375 389/3118500
β6 -832/1575 0 32/27 -1828/3375 31352/297675 -10669/850500 10267/9355500
TABLE IV. List of coefficients Cn,j for use in Eq. (A36).
where uBB(T ) is the blackbody energy density with tem-
perature T , i.e. the produced secondary photon spectrum
must have the same energy as the upscattered CMB pho-
tons plus the energy lost from the scattering electron.
This check has also been performed for the series expan-
sions shown here.
For the scattered electron energy loss spectrum shown
in Eq. (A4), the small β and ξ expansion can be written
as
dNe
d∆ dt
=
3σT k
2
BT
2
32pi2~3c2
∞∑
n=0
 2n∑
j=1
Aj+1Qn,j(e
−A)
(1− e−A)jβ−2n +Rn(A)
 ,
(A38)
where Qn,j(x) is a polynomial, A ≡ ∆/(2βT ) = ξ/(2β),
and Rn(A) is a sum of integrals of the form
Pk(A) = A
k+1
∫ ∞
A
x−k dx
ex − 1 . (A39)
These integrals can be evaluated using the same methods
detailed in Appendix A 4. The list of polynomials Qn,j
and of Rn(A) is given below. All expressions not listed
should be taken to be zero. For n = 0,
R0(A) =
176
15
P0 − 64
3
P3 +
128
5
P5 . (A40)
For n = 1,
Q1,1(x) = −32
3
x , Q1,2 =
8
3
x ,
R1(A) = −1168
105
P0 +
128
3
P3 − 2176
15
P5 +
1280
7
P7 .
(A41)
For n = 2,
Q2,1(x) = −512
15
x , Q2,2(x) =
8
5
x ,
Q2,3(x) = − 8
15
x(1 + x) ,
Q2,4(x) =
2
15
(x+ 4x2 + x3) ,
R2(A) = −64
3
P3 +
640
3
P5 − 768P7 + 14336
15
P9 . (A42)
And finally for n = 3,
Q3,1(x) =− 416
3
x , Q3,2(x) =
1184
105
x ,
Q3,3(x) =− 256
315
(x+ x2) ,
Q3,4(x) =− 2
63
(x+ 4x2 + x3) ,
Q3,5(x) =− 4
315
(x+ 11x2 + 11x3 + x4) ,
Q3,6(x) =
1
315
(x+ 26x2 + 66x3 + 26x4 + x5) ,
R3(A) =− 512
3465
P0 − 1408
15
P5
+
6912
7
P7 − 161792
45
P9 +
49152
11
P11 .
(A43)
These are all the terms necessary to work at order O(β6)
and O(ξ6). As before, if A becomes small, we should
expand Eq. (A38) as
dNe
d∆ dt
=
3σT k
2
BT
2
32pi2~3c2
∞∑
n=0
 ∞∑
j=0
Dn,jβ
2nAj +Rn(A)
 ,
(A44)
with the values of Dn,j shown in Table V.
These expressions are complicated, but can be checked
in a similar fashion as the scattered photon spectrum by
integrating over ∆ d∆ to obtain the mean energy loss rate
of electrons scattering of a blackbody spectrum, given
exactly in Eq. (A15). Using the fact that∫ ∞
0
d∆ ∆Pk(A) =
4pi4β2T 2
15(n+ 2)
, (A45)
one can verify that integrating the O(β6) expansion gives
dEe
dt
=
4
3
σT cUradβ
2(1 + β2 + β4 + β6) , (A46)
which is precisely the Taylor expansion of Eq. (A15) in
powers of β.
33
Dn,j A A
2 A3 A5 A7 A9 A11
β2 -8 16/3 -10/9 7/270 -1/1260 11/453600 -13/17962560
β4 -164/5 256/15 -134/45 161/2700 -19/9450 359/4536000 -289/89812800
β6 -40676/315 208/3 -1312/105 4651/18900 -416/59535 989/4536000 -173/22453200
TABLE V. List of coefficients Dn,j for use in Eq. (A44).
Appendix B: Positronium Annihilation Spectra
The spin-triplet 3S1 state of positronium annihilates
to three photons, producing a photon spectrum per an-
nihilation given by [58]
dNγ
dEγ
∣∣∣∣
3S1
=
6
(pi2 − 9)me
{
2− x
x
+
x(1− x)
(2− x)2
+ 2 log(1− x)
[
1− x
x2
− (1− x)
2
(2− x)3
]}
, (B1)
where x ≡ Eγ/me. The kinematically allowed range is
0 ≤ x ≤ 1. Assuming that the formation of positronium
by low energy positrons populates all of the degenerate
ground states equally, the averaged photon spectrum per
annihilation is
dNγ
dEγ
∣∣∣∣
Ps
=
1
4
δ(Eγ −me) + 3
4
dNγ
dEγ
∣∣∣∣
3S1
. (B2)
Appendix C: Cross Checks
1. Helium Deposition
In this section, we compare the various helium energy
deposition methods discussed in Sec. III E. We pick a
dark matter candidate which decays to two photons with
a lifetime of 3× 1024 s as an example, but the results are
similar across different dark matter masses and energy
injection rates.
The user can switch between methods by passing
the keyword parameter compute_fs_method to evolve()
with the following strings for each method: (1) ’no_He’,
(2) ’He_recomb’ and (3) ’He’, e.g.
helium_method_alt = main.evolve(
DM_process=’decay’, mDM=1e8,
lifetime=3e24, primary=’phot_delta’,
start_rs=3000., backreaction=True,
helium_TLA=True,
compute_fs_method=’He_recomb’
)
Fig. 14 shows the helium ionization fraction xHeII as
a function of redshift for each of the different methods.
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FIG. 14. Helium ionization fraction with different helium en-
ergy deposition methods: (1) no tracking of the helium evolu-
tion (i.e. xHeII takes its baseline value) (blue) (2) all photoion-
ized HeI atoms recombine, producing a photon that photoion-
izes hydrogen (orange), and (3) photoionized HeI atoms re-
main photoionized (green). The energy injection corresponds
to 100 MeV DM decaying through χ → γγ with a lifetime of
3× 1024 s.
In method (1), xHeII is simply the baseline helium ioniza-
tion fraction, which is almost entirely neutral once helium
recombination is complete. No energy is assigned to he-
lium iondization at all. Method (2) has no contribution
to helium ionization from photons, since every ionized he-
lium atom is assumed to recombine, producing a photon
that photoionizes hydrogen instead (i.e. setting qγHe = 0
in Eq. (42)). The helium ionization level therefore devi-
ates from the baseline only from energy injection in the
Heion channel from low-energy electrons. On the other
hand, method (3) assumes that all helium atoms that get
photoionized stay ionized, maximizing the amount of en-
ergy into Heion from photons (i.e. setting q
γ
He = 1− q in
Eq. (42)). This explains the higher xHeII obtained.
Despite these differences in xHeII, the evolution of xe
remains almost identical, due to the fact that the total
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FIG. 15. Matter temperature (left) and free electron fraction (right) evolution with different helium energy deposition methods:
(1) no tracking of the helium evolution (i.e. xHeII takes its baseline value) (blue) (2) all photoionized HeI atoms recombine,
producing a photon that photoionizes hydrogen (orange), and (3) photoionized HeI atoms remain photoionized (green). The
CMB temperature is shown for reference (black, dashed). The energy injection corresponds to 100 MeV DM decaying through
χ→ γγ with a lifetime of 3× 1024 s.
number of ionization events between both hydrogen and
helium remains the same regardless of method used. This
in turn ensures only a small difference in Tm between the
methods. The ionization and temperature histories for all
three methods for the particular channel we have chosen
are shown in Fig. 15. Users may bracket the uncertainty
in the treatment of helium with methods (2) and (3).
2. Coarsening
In the absence of reionization, a coarsening factor of up
to 32 has been found to yield a small relative difference
of between 5–10% in the values of fc(z) across the full
range of redshifts used in DarkHistory. With reioniza-
tion, however, Tm evolves more rapidly and attains larger
values, and too much coarsening can lead to large abso-
lute differences and somewhat larger relative differences
in Tm, since we are averaging over the Tm evolution over
many redshift points. Fig. 16 shows the resultant tem-
perature evolution as a function of redshift for the same
model used in the previous section but with the default
reionization model turned on, with coarsening factors of
1, 8 and 32. Once reionization starts, the difference in
Tm is ∼ 15% for n = 32 compared to the uncoarsened
result at z ∼ 4, corresponding to an absolute error of
∼ 5000 K. Prior to reionization, the relative errors are
slightly smaller at . 10%.
We therefore recommend using a coarsening factor of
up to 32 if no reionization models are used, depending on
the level of precision desired, and to use coarsening with
care once reionization is included. We also emphasize
that when using coarsening, it is best to check for con-
vergence by comparing the result with less coarsening.
3. fc(z) Contours
Fig. 17 show the computed fc(z) contours within
DarkHistory for all channels of interest without any
backreaction. The new fc(z) calculation by DarkHistory
makes several small physics and numerical improvements
over the previous calculation of these results [5, 30], but
still agree to within less than 10% when methodologies
(cosmological parameters, methods of interpolation etc.)
are standardized between the code used in Ref. [30] and
DarkHistory. The new calculation also corrects a bug in
earlier work in the treatment of prompt energy deposi-
tion from nonrelativistic and mildly relativistic injected
electrons. This accounts for the bulk of the visible differ-
ences in Fig. 17 between the current contours and those
of Refs. [5, 30], which are most pronounced for DM an-
nihilation/decay to electrons and low injected particle
energies.
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FIG. 16. Matter temperature evolution with the default reion-
ization model with no coarsening (blue), a coarsening factor
of 8 (orange) and 32 (green).
Appendix D: Table of Definitions
Table VI shows a list of variables and their definitions
for reference.
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FIG. 17. Computed fc(z) values without backreaction with DarkHistory for (from left to right) χ → γγ decays, χ → e+e−
decays, χχ→ γγ annihilations and χχ→ e+e− annihilations (with no boost factor). The results from Refs. [5, 30] are shown
for comparison (dashed lines). These contour plots agree with the previous results to within 10% if all calculation methods are
standardized between DarkHistory and Refs. [5, 30], and represent an improved calculation of fc(z) neglecting backreaction.
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Category Symbol Definition
General
y log-redshift, y ≡ log(1 + z).
∆y, ∆t log-redshift step size and associated time step size.
x
Ionization levels: x ≡ (xHII, xHeII, xHeIII) ≡ (nHII/nH, nHeII/nH, nHeIII/nH)
i.e. the fractional abundance of ionized hydrogen atoms, singly-ionized
helium atoms and doubly-ionized helium atoms with respect to the number
of hydrogen atoms (both neutral and ionized).
ζi
arctanh [(2/χi) (ni/nH − χi/2)] where i ∈ {HII,HeII,HeIII}, convenient
reparametrization of x introduced for numerical purposes.
Tm Temperature of the IGM.
T
(0)
m , x(0)HII(z) Baseline temperature and ionization histories, obtained from Eq. (1).
mχ, τ , 〈σv〉 Dark matter mass, lifetime, and velocity-averaged annihilation crosssection.
(
dE
dV dt
)
inj
Energy injection rate per volume for exotic forms of energy injection, given
for dark matter annihilation/decay in Eq. (3).
Spectra
G(z)
Conversion factor between the rate of injected events per volume to the
number of injected events per baryon within a log-redshift step, as defined
in Eq. (10).
N
α
inj[E
′
α,i]
Spectrum containing number of particles of type α ∈ {γ, e} injected into
energy bin E′α,i per annihilation event.
Nαinj[E
′
α,i, y
′]
Spectrum containing the number of particles per baryon in a log-redshift
step of type α injected into energy bin E′α,i at log-redshift y′, as defined in
Eq. (9).
N
γ
pos[E
′
γ,i]
Spectrum of photons produced from a single positronium annihilation
event.
Nγnew[E
′
γ,i, y
′]
Sum of the spectra of primary injected photons, and secondary photons
produced by the cooling of electrons, as defined in Eq. (23).
Nγprop[E
′
γ,i, y
′]
Spectrum of propagating photons with energies greater than 13.6 eV that
do not photoionize or get otherwise deposited into low-energy photons.
Nγ [E′γ,i, y
′] Nγprop[E
′
γ,i, y
′] +Nγnew[E
′
γ,i, y
′], as defined in Eq. (28).
Nαlow[Eα,i, y] Low-energy photons (α = γ) or electrons (α = e) at log-redshift y.
Photon
Cooling P
γ
[E′γ,i, Eγ,j , y
′,∆y,x]
Transfer function for propagating photons, which multiplies Nγ [E′γ,i, y′]
and produces Nγprop[Eγ,j , y′ −∆y], as defined in Eq. (27).
D
e
[E′γ,i, Ee,j , y
′,∆y,x]
Low-energy electron deposition transfer function, which multiplies
Nγ [E′γ,i, y
′] and produces Nelow[Ee,j , y
′ −∆y], as defined in Eq. (29).
D
γ
[E′γ,i, Eγ,j , y
′,∆y,x]
Low-energy photon deposition transfer function, which multiplies
Nγ [E′γ,i, y
′] and produces Nγlow[Eγ,j , y
′ −∆y], as defined in Eq. (31).
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D
high
c [E
′
γ,i, y
′,∆y,x]
High-energy deposition transfer matrix, which multiplies Nγ [E′γ,i, y′] and
returns the total energy that greater than 3 keV electrons produce during
the cooling process deposit into channel c ∈ {‘ion’, ‘exc’, ‘heat’}, as defined
in Eq. (32) in the next log-redshift step at y′ −∆y.
(
P
γ
1/2
)n Coarsened propagating photon transfer function with a coarsening factor of
n, as defined in Eq. (33), which multiplies Nγ [E′γ,i, y′] and produces
Nγprop[Eγ,j , y
′ − n∆y].
Electron
Cooling N[E′e,i, Ee,j ]
Spectrum of secondary electrons produced due to the cooling of a single
injected electron with initial energy E′e,i.
Rc[E
′
e,i]
High-energy deposition vector containing the total energy deposited into
channel c ∈{‘ion’, ‘exc’, ‘heat’} by a single injected electron with kinetic
energy E′e,i, as defined in Eq. (13).
RCMB[E
′
e,i]
Total initial energy of CMB photons that are upscattered via ICS due to
the cooling of a single electron of energy E′e,i.
TICS,0[E
′
e,i, Eγ,j ]
Spectrum of photons produced with energy Eγ,j due to the cooling of a
single electron of energy E′e,i, as defined in Eq. (14).
TICS[E
′
e,i, Eγ,j ]
The same as T ICS,0, but with the pre-scattering spectrum of upscattered
CMB photons subtracted out, as defined in Eq. (16).
Te[E
′
e,i, Ee,j ]
Low-energy electron spectrum produced due to the cooling of a single
electron of energy E′e,i, as defined in Eq. (17).
Low-energy
deposition fc(z,x)
Ratio of deposited to injected energy, as a function of redshift z and the
ionization level x, into channels c ∈ {‘H ion’, ‘He ion’, ‘exc’, ‘heat’, ‘cont},
as defined in Eq. (4).(
dEα
dV dt
)
c
Energy deposited per volume and time by low-energy photons (α = γ) or
electrons (α = e) into channel c.
Ehighc [y]
Total amount of high-energy deposition into channels c ∈{‘ion’, ‘exc’,
‘heat’} at log-redshift y.
TABLE VI: A list of the important definitions used in DarkHistory. In this table, all spectra are discretized spectra as described
in Sec. III B. Spectra without overlines are normalized so that their entries contain number (per baryon) of particles produced
in a redshift step. A primed energy denotes the energy of an injected particle, and by energy we mean kinetic energy. In this
table, when we refer to electrons we will always mean electrons plus positrons.
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